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older journals. such a journal has been discussed for mat 
The realignment of knowledge is a sign of pro on both sides of the Atlantic, it remained onl 
cress, with new fields continually crystallizing and ‘a until Dr. John H Ilomon and D; 


receiving professional approval For \ rious su yplic d the 


purposes and at various times the same areas of tion, and the Ameri 


knowledge will be differently grouped, and it is the ry initial funds 
opinion of the founders of this journal that a * journal cannot 
partial regrouping is now taking place in metal- fessional 1 
lurgy. Acta Metallurgica will deal with the whole concerned 
science ol metals: it will draw upon the basi I it does, 
sciences ol physics and chemistry on the one | than to 
ind upon the science to be inferred from metal-  catastroph« 
lurgical practice on the other, with considet ible | iS more 
dipping into other applied sciences and the char 
acteristics of other materials where these will assist 
the understanding of metals. The application ot 
established knowledge to industrial problems ~ 
the right and proper field for the metallurgi 
societies themselves and is admirably covered 
their established publications. 

The metallurgist, part scientist, part 
and part manager, is placed where man 
knowledge and intuitive skill merge | 
he has been more concerned with the applicatior 
of knowledge than with its advancement or rigorous 
formulation. He has, nevertheless, frequently beet 
required to develop the science ol his materials 
and has made many contributions to the under 
standing of chemical and physical principles. No 
however, metallurgy is too broad to be encompassed 
by a single human mind: it is essential to enlist 
the interest of the ‘‘pure’’ scientists, under what 
ever name, and to increase the number of metal Universit’ 


lurgists whose connections with production and November, 
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AN ABNORMAL AFTER-EFFECT IN METALS* 


CHARLES S. BARRETT? 
has been subjected to plastic flow in torsion generally untwists ata rate sucl 
in equal intervals of log time. It was found that this is true with singel 


strains occul 

nd polverystalline wires of iron and of zinc, both when coated with oxide films and whe: 

cleaned of oxide. But the normal after-effect following plastic twisting of these wires is 

bv an abnormal after-effect (twisting instead of untwisting), which occurs as a transient 
etchant is suddenly applied to an oxide-coated wire that has been twisted 

transient reversal of the after-effect was predicted on the basis that adherent oxide films o 

tals act as barriers to the movement of dislocations. When a wire is twisted, dislocations pile up 

neath the oxide-metal interface; these escape through the surface when acid is applied. An after- 


De 
effect in the normal direction but with a reduced rate follows the transient effect and is also accounted 


ns escaping that had previously been piled up beneath the surface 


UNE REPERCUSSION ANORMALE DANS LES METAUX 
tallique soumis a l’écoulement plastique par torsion, se détord a une vitesse telle que des 
ra tes égales ont lieu a des intervalles égaux du log de temps 
I] a été constaté que cela est vrai pour des fils monoc ristallins et polycristallins, dans les deux cas 
liateme apres avoir ¢ nlevé la couche d’oxvde dont ils étaient préalablemeiit couverts. Mais 
rcussion normale se substitue une répercussion transitoire, anormale (continuation de la 
‘une détorsion) qui a lieu quand un réactif d’attaque est appliqué subitement a u 
couche d’oxvde 
t transitoire de la reper< Issio1 a ete prédit sur le fo dement que les couches d oxvde 
al empéchent le mouvement des dislocations. Lors de la torsion d’ 
- desso Is du t métal ce et happe nt pat la surface, 
e répercussio male, mais a une vitesse réduite, suit le phénomeéne t 


pal l’échappe des disloc itions qul nt préalable ment acc 


EIN ANOMALER NACHWIRKUNGSEFFEKT IN METALLEN 
Idraht, det Porsian plastisch verformt wurde, entspannt sich im allgemeinen mit 
Geschw1 dass clei he Verzerrunge cleiche Log Zeit tervallen auftrete 
id auf polykristalli Drahte von Eisen und Zink zu, sowohl we diese 
| | 1 sie frisch von Oxvd gereinigt sind. Aber an Stell 
Verdrillu die ser [)r ihte tritt el inomaler 


ein Uberga sstadium auf, we 


if Grund der Tatsache, dass hat 

Jewegung von Versetzungen (‘‘dislocations”’ 

haufen sich die Versetzungen (‘“‘dislocations”’ 

rch die Oberfliche wenn mit Sdure 

iber mit verminderter Geschwindigkei 
ler Oberfl iche i 


recently shown that nickel, although it was not observed in tests on 


rvstals are strengthened by the presence of thin — polycrystalline zinc (Pickus and Parker [5]; Andrade 
adherent surface layers. Oxide films of the order of and Randall [6]) or polycrystalline cadmium 
10-° cm. thick have been observed to increase the Phillips and Thompson [8]; Andrade and Randall 
flow stress of cadmium crystals to more than twice 6]). That surface conditions affect plastic behaviour 
the normal value (Roscoe |1]; Cottrell and Gibbons of crystals is also evident metallographicallv: 
2 ; marked strengether Ing has also been observed extremely fine slip bands are seen on oxide-free and 
from oxide films on crystal f zin Harper and _ strain-free surfaces of crystals after slight plastic 
Cottrell {3 ind silver (Andrade and Henderson’ extension whereas heavier, more widely spaced 
4 and trom elec trodeposited Coppel lavers on zin« bands are seen in areas subjec ted to me hanical 
crystals (Pickus and Parker |5]); hydroxide films on _ polishing (Brown and Honeycombe [9]), abrasion, or 
cadmium crvstals cause me; ‘able amounts of oxidation (Paxton, Adams and Massalski [10] 
hardening (Andrade and Randall |6]; Menter and The explanation of these effects is not clear, as 
Hall [7]) even with thicknesses as small as 10-7cm. will be seen from the discussions in the references 
Phillips and Thompson [{8]). Similar strengthening cited above and others (Kuhlmann [11]; Fisher [12]). 
has been noted in creep tests of polycrystalline It may be argued, on the one hand, that plastic 
flow starts in the interior and encounters a greater 
*Rec lA 52 
barrier upon reaching the surface if the surface is 
~ oxidised, coated with an adherent layer, or abraded, 


Studv of Metals. University of Chicago than if the surface is clean and undistorted. 
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ABNORMAL AFTI 


In one alternate theory it has been suggested by 
Fisher [12] that just beneath an adherent surface 
laver is a zone where deformation is initiated more 
easily than at interior points, and that the effect of a 
surface layer is to strengthen this zone and thus to 
inhibit the onset of slip. 

It was suggested by Cottrell [13] that if the theory 
of dislocations piling up beneath a surface layer is 
correct, it should be possible to allow them to 
remain for a time after the applied load is released, 
and then upon sudden removal of the surface film 
they should escape to the surface. The escape pro- 
cess would be identified by an after-effect of abnor- 
mal character, reversed in sign from the normal after- 
effect. The experiments reported below were succes 3- 
ful in disclosing this etfect, and accordingly lend 
support to this hypothesis. The experiments also 
confirmed earlier observations that a Bauschinger 
effect and a normal after-effect can be detected in 


14]; Held [15] 


single cry stals (Sachs and Shoji 


Materials and Methods 


conducted by twisting wires 


The 


quickly (in 2 to 4 


were 


tests 


seconds releasing them, and 


measuring the after-effects bv reflecting a beam of 


light from a mirror attached to the free end of the 
wire. The tests were conducted at room temperature 
15-18°C 


temperature before being applied to the wires. 


all liquids were brought to room 


Che 


and 


wires were prepared as follows: 

A. Polycrystalline wires of zinc roughly 1 mm. in 
billet 
supplied by the 


diameter were prepared by extruding a 


“spec troscopically pure” zinc, 
having the following 
spectrographic analysis: Pb 0.0001 

0.0001 per cent, Cu 0.0001 pet 


0.0005 per cent, Sn 0.0005 


National Smelting Company, 
per cent, Cd 
cent, Fe 


Phe billet 


was melted in glass after evacuating and admitting 


per cent. 


a little argon. 
B. The same zinc was melted in an atmosphere of 
nitrogen with nitrogen bubbling through the melt for 


30 minutes, a treatment that has been found 


adequate to produce a vield point in tensile tests ol 
the crystals. Extruded wires were sealed into silica 
tubes of 1.5 mm. inside diameter, evacuated, de 
gassed, and sealed off with 2,3 atmosphere pressure 
Single crystals 


of argon to reduce volatilization. 


were grown by moving the solid-liquid interface 
ilong the wires (in bundles of four 

C. Crystals of lesser purity (99.99 per cent) zin 
of “Crown Special” grade were grown trom the melt 
in silica tubes without contact with nitrogen. 


D. Mild steel containing S, 0.04 Mn, 


per cent; 


R-EFFECT 


decarburized i 
0.080 in. 


0.3 per cent; Si, trace, was 


hydrogen bv heating diameter wires 


hours at 700°C. These specimens were used in 


polycrystalline form, in which the average gt 


diameter was approximately one-thirtieth the dia 


meter ol the wire: this wire exhibited no ‘ ield point 


in tensile tests. 


E. Mild steel treated as in D above was made into 


single crystals containing small amounts of carbor 


by the following treatment: after stretching 3 per 


cent the wires were annealed 4 davs at 870°C ij 


wet hydrogen, carburized slightly by heating } hou 


in a heptane-dry hydrogen mixture, then homo 


it 670°C in vacuun 


0.002 


eenized by heating 5 davs 
Phe carbon 


0.003; it was sufficient to produce a 


content was estimated to be 


ield point whe n 


crvstals of the batch were tested in tension 


In preliminary tests the oxide layers were removed 


during the test by dripping an etchant over the wire 


In the later tests reported here the wires were 


immersed in Howing water bath throughout th 


test, with the water being displaced bv the etching 


solution when removal of the owxid is desired 


In some experiments the acid bath was « 


the end, in others it was changed ba 


Its sudden la ised 


immersion technique was adopted in orde1 Lvoid 


the elfects observed oxidized 


specimen ure 
Harper nd 
\laslenikoy 


first immersed in 
Rehbinder nan and 


indall 


Cottrell 3 


16]: Andrad 


ind R 


Results 
\s with othe r relaxa 


it has beet would 


expected to tollow the | \ | ual tt Wun ncereme! 


n equal interva f the logarithm of elapsed tin 
Zero tin 


Zene! 17 


present expel 


Liter the » except periods neat 
and infinite Kuhlmann [18 
\ccordingly, tl lata from the 
were plotted as curves of stt 
inticipated, the portions ol 
the normal 
Py pic ilter-ellec curves 
The ervstal 


9999 per cent 


reproduced Figure 


Mi il 


iter} 


zine are 
made from ibove 
oxide 


had been produced Whe » \ | Is 


Phe were covered \\ 
were 
Curve A is for a crystal havi rient 

that the basal plane was 7 degrees from th« 
1120], w 


segment 15 


the wire, and l slip direction 


degrees from the axis. A mm. long 


1.0 mm. in diameter was twisted 60 degrees whilk 
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URE | DI il aft ffect curves for single crystals 
Water was re] etchant at points indicated by 


ind this was ¢ t ied to the end of the test in curve ‘. 


ylaced bi 

Was replacec ter a by rve 


mmersed in water; the normal atter-effect was 


illowed to proceed for 6 minutes, then the water was 
displaced by an etchant consisting of 1 part HCl in 
9 parts water, the time indicated by point £ on 
A. A transient that 


isted the wire in the 


irve strain then occurred 


direction of the original 


twisting, Opposite to the normal after-effect. The 


reversed motion continued for about 40 seconds, at 


was Tw isted 0.008 degrees more 
if the normal untwisting had 
the 


represents about 5 per cent of 


tic limit. (Since there was 


fter this experiment, the 


elastic limits in both directions of twisting were 


determined and the average of these was taken; each 
| wist that would leave the mini- 
0.0015 degree. 


Value represented thet 


1um detectabl 
With the s 


permanent set, about 


pecimen still immersed in the etchant, 


ind was replaced by an after- 
This, 


| igure 1 


] 


mal direction (untwisting 


reduced rate, the curve in 


1 


tl petore. 


pe than 
ed about 4 miu 


ts slope becomes equal to that 


If this later part 
l1utes to the right 


‘first part; this equivalent time displacement is 
descriptio1 the change of slope 


onvenient | 


which accompanied the removal of the oxide film. 
Curve B, Figure 1, 


crystal of the same purity, prepared 


1 1 
shows the results of a test with 
inother Zin 


similarly but with a different orientation. It was 


ven 1 40 degree twist 


] 


bv a further 20 degree twist. 


followed a minute or so later 
The cr‘ 


and had its original oxide 


stal was 20 mm. 


long, 1 mm in diameter 


ilm. | he 


the removal of the oxide film at the time indicated by 


normal after-effect was nearly stopped by 


E on curve B and did not return to normal when the 


RGICA, 


VOL 1953 
etchant (again 10 per cent HCl) was replaced by 
water, at the time IV, although in this particular test 
there seemed to be a slight irregularity here. 
Various additional tests were made on single 
crystals that confirmed the features mentioned. In 
tests of crystals that had been held in a steam bath 
at 100°C for an that 


found adequate to produce a surface layer with 


hour, a treatment had been 


marked hardening effects in tensile experiments 


(Harper and Cottrell [3]), it was found that there 
were similar reverse after-effects when etched and a 


subsequent slowing of 


the normal after-effect—in 
some cases a reduction of the rate to nearly zero. 
In several tests the etchant was left around the 
specimen only during the time the reverse transient 
lasted, and was then replaced by water; when the 
water was again replaced by the etchant there were 
no transient effects produced. This indicated that the 
initial attack on the surface layer caused the changes, 
and eliminated the possibility that thermal transients 
or viscosity changes could have been responsible. 
Crystals of Material B appeared to behave similarly 


to those of Material A. 
0.5; 
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polycrystalline zinc. Curve A, 
containing nitrogen. Etchant applied 


B, zinc of 99.999 per cent 


FiGuRE?2. Curves for zinc 
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at E, re placed by water at W. Curve 
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it 
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Curve A, Figure 2, is a typical curve for poly- 
crystalline zinc of 99.99 per cent purity (‘Crown 
Special” grade). The specimen, 12 mm. long, 1 mm. 
in diameter, had been subjected to steam for 2 hours. 
16°C it 


40 degrees. The normal untwisting was interrupted 


After immersion in water at was twisted 
by replacing the water by 10 per cent HCI after 11 
minutes, which caused a twist of about 0.04 degree 
the that 


obtained without etching (a twist equal to about 15 


back from position would have been 


per cent of the strain at the elastic limit). The tran- 
sient lasted less than 2 minutes and was replaced by a 
slow after-effect in the normal direction. The change 
of rate was equivalent to a displacement of the 
curve to the right by 9 minutes of arc. When the 
etchant was later replaced by water no transient was 


Additional 


samples of this purity need not be discussed in detail 


observed. tests with polycrystalline 


as they produced qualitatively similar results and 


confirmed the general conclusions already stated. 


tests in which the etchant was later re- 


Control 
applied showed no transient effects. 

Curve B, Figure 2, gives the results of a test of 
polycrystalline zinc of 99.999 per cent purity melted 


(Material A). A 2 


hour treatment in steam preceded the test. The 


without contact with nitrogen 


specimen was 24 mm. long, 1.4 mm. in diameter, and 
30 Although the 


introduced by the etching were small, they were of 


was twisted degrees. changes 
the same nature as those obtained with the less pure 
specimens. Since etching times, temperatures, oxide 
thicknesses, and specimen dimensions varied in the 
different tests, the exact magnitudes of the effects are 
not of significance. 

Several tests were conducted in which the etchant 
was applied much later. This had the effect of 
reducing the magnitude of the reverse after-effect. 
For example a polycrystalline specimen of the high 
purity zinc (Material A) etched after 140 minutes 
showed no reversed motion. The slope of the curve 
subsequent to etching, however, was less (equivalent 
to a 50 minute displacement along the time axis 

Tests were made using iron crystals (Material E), 
20 to 30 mm. long, electropolished, then oxidized in 
air until covered with an oxide film showing blue 
temper colours. The technique used was similar to 
that described above except that dilute nitric acid 
was used as the etchant. Transients were observed 


both in the forward direction (untwisting) in some 


tests, and in the reverse direction in others. As the 


largest forward motion occurred with an etchant 


containing 10 per cent HNO; and smaller or reversed 


AL AFTER-EFFECIl 


motion was obtained when concentrations ol 5 to 


23 per cent were used, it was concluded that heating 
or other effects might be entering during the etching 
A t HNO 


pel 
ibout J 


\ definite 


ona Spec 


period. A test with 


containing two crvstals each cm. long 


plotted as curve A, | igure 3 reverse erect 
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ystals with suff 
vield point in tensile tests. Etched y 


per cent 
water, at E: etcha replaces b water it U 


sample, dec irb 


} t¢ hed witl 


Ss repeated 30 


When t 


later as a 


is evident. he experiment wa 


with the 


minutes control experiment 


the 


The reverse alter-effect was confirmed wit} 


surface in the etched condition, transient Was 
absent. 


every wher 


had 


continued 


isc 


another large-grained specimen. In 


in etchant (either strong o1 ak removed 


an oxide the normal after-et 


lowered rate. 


Mate 


etched with 3 per cent HNQ, in water, a reduced 


In similar tests on polycrystalline iron 
1) 
slope in the curves was obtained after etching, and 
were clearly observed, as 
B, Figure 3 


approximately 


reversed atter-effects 


illustrated by curve In the experiment 


illustrated by this curve a wire 30 m1 
colour 


| 


er hant caused a reversed motion equal In Magnituace 


long Was oxidized to a brown temper 


twisted 360 degrees while immersed in water 


to ibout 0 per cent ol the stral 1 corresponding tt 


torsional yield point in the annealed state, 


slope of the curve alter etching was about 


lormer slope [hese were ibsent 


mediate repetition of the tes 


} 


In tne et hed condition 


Discussion 


The results of oxide removal (excluding thos 


obtained with too rapid etching, where heating was 


suspected) were qualitatively the same for each of 


these samples, which included samples that normally 


BARRETT: ) 
— 
= 
E 
a 


rTALLI 


show a yield point and samples that do not; also high 


purity, low purity, hexagonal, and body-centred 


cubic specimens in single crystal form and in poly 


crystalline | 


Che etfects otf oxide removal were such as could be 


tor by assuming that dislocations 


n oxide laver and escape when this 


up be 


s removed or loosened. During the initial straining, 


ccording to this theory, the 


piling up continues 


ick stress due to the pile counter- 
plied stress and stops the generation o1 


the approach of further dislocations, or until the 


stress concentt 1 at the front of the pile “punches 


permitting the dislocations to 


through” » | irrier, 


ape trom metal. Upon release of the load the 


have left the metal contribute to 


disloc 


that have 


those 


the permanent deformation, but 


remained pile tend to repel each other and 


ing back toward their point of 


separate 1)\ 


ein, thereby Ising the normal after-etfect. 


ori 
lay | 


} 


escape through the surface. This escape 


Sudden remoy oxide permits some to 


begins ver\ 
with the theory that the disloca- 


4 
qui kly, nm accord 


tions pile u ‘rv close to a barrier, but as the stress 


held 


diminishes 


the rate 
the 


those behind is relaxed, 


rapidly 
through freshly 


the same direction as 


escaping 


cleaned surtace are moving in 


they moved when the original twist was given to the 


wire, thus the effect of their motion is to twist rather 


than untwist the wire, and if enough escape per 


second to overbalance the eftect of those 


moving 


iwav from the pile in the opposite direction, there 


reverse after-effect temporarily interrupting 


wisting. With fewer escaping there 


normal unt 


be ilmost in exact balance, iS is observed in 


‘ experimen ind with still fewer there will be 


i decrease of the normal rate of untwisting 


lt the removal ot oxide is delaved long atter the 
nitial straining, the internal process of redistribution 
will have relieved the stress of the dislocation pile 
ind few dislocations will be forced to es« ape through 


ined 


transients 1n 


the freshly cle surface. This accounts for the 


1@sser 


the delaved etching experiments 
Phat some still es ipe, however, is seen by the lower 


rates alter et hing ind is exper ted by the theory 


since the driving force, while lower, is of the same 
nature as betore 


Figure 4 is a 
Potentially 


sketch illustrating the theory 


active slip planes in a torsion specimen 
ire indicated, with slip blocked at point A by 
laver, causing dislocation rings to pile up 


ip beneath the surface. The stress field around the 
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FIGURE 4 
pili Ip be eath 


forces reversed flow in the slip ban 


the 


slipped region 
and causes the normal after-effect, dislocation 
rings shrinking in size in the process. After etching, 
a slip band appears at the surface where one side ot 
metal, as 


the 


the dislocation rings out of the 


pass 


indicated at B, contributing to the strain in 
direction opposite to the normal after-effect and 
relieving some of the microscopic residual stresses. 
adherent 
Fisher [12]. 
\ Frank-Read dislocation generator located so that 


the 


\n alternative theory for the effect of 


surface lavers has been proposed by 
embedded in 


both of its anchor points are 


interior of a crystal should require higher stresses 
to become active in generating concentric dislocation 
rings than a source of the same length that has one 
end in the crystal and the other at the surface. In the 
latter case an imaged anchor point exists outside ot 
a distance from the interior point 


that is 


the crvstal at 
which is the effective length of the source 
twice the distance of the interior point from the 
surface. If the actua/ lengths of embedded sources and 
ot sources near the surface are assumed to be about 
equal on the average, then the stress required to 
activate the surface sources would average about 
halt that required to activate embedded sources, 
since the stresses varv inversely as the length of the 
dislocation between effective anchor points. This 
theory suggests that slip should be initiated at the 
surface of a crystal and that lavers on the surface 
might strengthen the crystal up to a maximum of 
about a factor of two, as actually observed in some 
creep tests and tensile tests. 

This alternative theory is not adequate, we teel, to 


explain the present results. Frank-Read sources at 


/ J 

to tha an > 
Bain: hi 

strating dislocation rings formed in torsio 

| 
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the surface that become operative when the surface 
layer is suddenly removed should be responsible for 


both forward and backward after-effects in roughls 


equal amounts. Those located inside the piled up 


dislocation rings would aid the normal after-effect, 
those outside the rings but within their stress field 


would aid the abnormal after-ettfect. 
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IS OF NUCLEATION BY SURFACE PATCHES* 
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(,srosse 


keit sind. Da 


t der 
l klei ler Pri 
rklaren. Die 


klet e! 


heorie erklart 
(duec ksilbertrépf he 


Introduction 


Recently the kinetics of solidification of small 


droplets of mercury [1] and tin [2] coated with 


various surface films were investigated. Isothermal 


data for certain mercury droplet dispersions coated 


with a film were well described a single 


nucl 


given by 


eation frequency (/) area or volume. However, 


the isothermal data on oxide-coated tin droplets and 
(HeX, 


formation of mercury 


on mercury droplets having patches 


i strong catalvst for the 


crystal nuclei, is a decomposition product of certain 


mercury carboxylates) seemed to require a multipli- 


city I values for their description. Although var- 


ious explanations for this multiplicity, all presuppos- 


heterogeneous nucleation, were considered /1; 


Ing 


2], none were fully developed. 


In an earlier note |3] a new theory for the multi- 


plicity I was proposed. In this paper we shall give 


a more complete development of the theory and 


compare its predictions with experience. 


Theory 
P, of the 


formation 


he poten surface of a substance in 


of crystal nuclei has been 
the 


cali ily zin the 


by the contact angle made by 


in contact with 
ereater is P, 


e 6 is determined 


nucleus on the flat cataly st surlace 


The 


and we may set P < 1] 


less is 6, the 


The angl 


supercooled liquid. 
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units for crystal nucleatio 
order of the critical size for g 
icleation frequency sometimes observed for the isothermal] 
for 
rily explains the 
X”’ patches o1 


ather1 


> DES CONCENTRATIONS A I 
LA GERMINATION 


ition parfois obser\ ée lors de la solidification 
ittelettes est expliqueé en employant 
plausible de s unités pour la germination des cristaux en rapport 
nités sont de 
me dans ur liquide surfondu. Cette théorie explique d’une fagon satisfai- 
athermique des cristaux pour |. 1 solidification de 
is de 


NGSKATALYSI 


Grossenvel! 
dass dic 
fiir das Wachstum eines Keimes in eine 
r Keimbildungsfrequenz, 
wird, 
zufriedenstellend die 


, die “HgX”’ Flecket 


with respect to size, an 


rowth of a nucleus into a super- 
fundamental 
solidificatior 


more than two 
of crystals for the 


the use ot no 
nal nucleatior 
their surface 


with 


A SURFACE SUR 


isotherme 
Ceci e1 


les 


necessz ire > 


une fréquence fondamentale seulement; 


aver 
nsions critiques 


l’ordre des dime 


petites | yout ttelettes de mercure 
DURCH OBERFLACHENFLECKEN 
Bereichen 
Be reiche von der 
unterkiihlte Fliissig- 
manchmal bei der isother- 
unter Benutzung von nur zwei elementare! 
nicht-thermische Kristallkeimbildung 
auf ihrer Oberflache haben. 


der Keimbildung vorge- 
hei 


teilung 
Dimensionen dieser 


von 


die 


by the structure and chemistry of the catalyzing 


surface. Suppose that the cry stal embrvos have the 
form of spherical caps on the relatively flat catalyst 


surface. In order to survive as a crystal nucleus on 


embrvos must have attained a 


by [4]: 
AF 


= free energy per volume for the liquid— 


the surface, these 


critical radius, r*,, given 


2c sin 


1 or = 
AF, 
crvstal transition when both phases have 
the 


where 
an infinite 


volume-to-surface ratio, and o@ is interfacial 


energy between liquid and crystal phases. The rad- 


ius, r*, of the crystallization nucleus that forms in 
the body of the supercooled liquid without the aid of 
any surface 


catalytic is equal to or larger than r* 


and given bv: 
2 -~20/AF 
When R ot the 


surface r* any nucleus on this surface with 


the linear dimension catalyzing 


exceeds 


exceeding r+*, becomes a_ transformation 


that is, 


a radius 
a dimen- 
the 


it grows on the surface 


* 


nucleus, 


sion exceeding r* and thence into the body of 


when R < ?*, crystal 


the 


supercooled liquid. However 


nuclei with r > r*, formed on catalvst surface 


do not become transformation nuclei except by 


fluctuations{ that increase the radius of the aggre- 


of 
In earlier publications [4; 


gate catalyst particle plus crystal to r* 


1] we have developed 


the theory of cataly sis of nucleation by catalytic 


tReiss [5] and Pound and La Mer [2] have discussed the 


theory for this process 


By hypothesi: 
that the size ol 
cooled liquid 
‘ solidificatio 
trequencies 
oI small me 
™ 
sa 
me 
Frequenzen 
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units having radii greatly in excess of r*. We now large probability that. { some systems, c becomes 
consider the catalysis ol nucleation by bodies whose perceptible when m 1s ol the ordet of unity 


or jess 


radii are of the same order of magnitude as r*. It will Under these circumstances, the number of patches 
be supposed, for simplicity, that these bodies (we ition nuclei is far 


droplet that can serv is transform 
shall hereafter call them patches) are all character from uniform and a substantial lraction of droplets 
ized by a single value of 6 and that their number is will contain no supercritical patches 


area of the liquid T Let x be the frac t10n ol 
Let m4 be the number of patches per unit are 


proportional to the surlace l liquid ~ imple , CONSIsting 


awith of uniform droplets, solidified in time ¢. To obt 


radius > R. We assume a continuous distribution of v = J\¢) lor m ot the order unity or less. a derivatior 
with respect to R, as follows: 


due to Kimball is direc thy appli ible Kimball 18) 


(3 n, = f(R issumed that all catalytic units (average m droplet 
lf 6. le | are equally elective and that ther ire distributed 
1s the contact angle mac € DY a crystal ni ‘us 

among the droplets ccording to Poisson’s distribu- 
on a patch the critical radius r™, for nucleation on 


tion law With these issumptions ne obt uned ic 


the surface of the patch is given by: 
constant A7 


4 r*, = — 2osin6,/AF.,. 


< 


(10 
A crystal nucleated on the patch surface grows to the 


patch boundary but it will not. jn general, become a All supercritical patches are not equally 


transformation nucleus unless RS r*, or 3 nucleation catalysts since thei 


ireas are different 
lo a good approximation : \ctually, however, the temperatt 


ire range for whic] 
; ; the rate of nucleation js measured is very small and 
AF AS, 


the variation in r* or r*. js correspondingly small 
where AS, is the entropy of transition ‘volume and e.g., 5 to 10 per cent). Hence jt may be assumed. 
AT is the supercooling. The number of patches — with fair accuracy, that ll supercritical patches have 
n4*)/area capable of serving as transformation the same area so that equation (10 


Satistactori] 
nuclei is found by substituting r* or r*. jn equation describes the isothermal di pendence of x on ¢ for the 
3). From equations (1), (2). (3 and it follows _ solidification of a collection of uniform droplets 
that the dependence of n,* on AT is containing on 1 iverage M supercritical patches 


2¢/AS. AT droplet ‘As | > ipproaches a limiting value. 


\ 


6/AS, A7 


Let J, be the frequency of nucleation area of patcl Phe frac of Croplets containing no supercriti 


Then the nucleation frequency (¢ patch is patches therefore 1 \ lo obtain a mor 


, convenien ‘lation for anah we derive from (10 


] ) 

where ad, 1s the area of the patch 7 

Now consider a colle tion of supercooled liquid ind 

droplets of diameter D. The average number of 13 
patches (71) droplet ( apable ol sery ing iS transitorma- 


tion nuclei is given by: Suppose uniform droplet d 


9 meter we have a dist! diameters such h 
it time ¢ the fr; mn of d t diameter D t] 
have not solidified hen ¢ 0) 

so that there is a very narrow temperature range in Pp 


c will be very strongly dependent upon temperature 


is defined b 
which it changes from an imperceptible to a per 


ceptible value. For some systems m will be very much 


14 


larger than unity when ¢ becomes perceptible and 


the nucleation lrequency ‘droplet for droplets of 


Equation (12) becomes 
unitiorm size will be constant. However, there is a 


tThe theory to be di veloped is easily extended to the case 
where the number of patches is proportional to the liquid 
volume, 


SURFACE PATCHES 
\ ] ] eCXpD ct 
elective S 
5 
‘4 
or 1) 
1 
Wl CXTD f 
CAD 
where 
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CXp 


rlier one due to 


\lthough 


Kimball give 


theory and the ea 


oul 


formally identical expressions lor the 


isothermal depen » of x on f, there are important 
ditferences in the predictions of the two theories. As 
Pound and La Mer, Kimball’s theory 
seems to require that m be indepedent of A7, while 
AT, 
\ccording to 


described br 


res that m with 


and Y 


our theory requi increase 


ccording to equations (6 


IKimball’s theor will be perceived to approach 


in asymptote substantially less than unity and 


perceptibly than zero only for systems in 


which (approximately ) 0.01 << m 3 where m is the 
italyst units droplet characterized by 


Our that 


imber ot 


the smallest 4 value. theory predicts 


0 <x, <3 (approximately) when ¢ 


Therefore, Kimball's theory 


pecomes 


predict that the perception oC =< < 


seems to | 


should be a very improbable occurrence while our 


theory predicts that such perception should be 


possible in number of instances. 


Comparison of Theory and Experience 
Vere ury Dro In é With Pati Hes 


Mercury droplets coated with mercury laurate or 


mercury stearate become infected in time with 


patches of a decomposition product, HgX (believed 


to be mercury oxide formed by hydrolysis of the 


carboxylates), that is a very powerful catalyst for 
the formation of mercury crystal nuclei. Transforma- 


tion nuclei formed rapidly trom these patches at 
only 2—4° supercooling. The fraction x of droplets 
solidified quickly approached an asymptote x, < 1 
almost as soon as the droplets reached bath tempera- 
ture so that the essential features of the transforma- 


f(AT 


creases with increasing AJ. This type of transforma- 


tion were described by x, = where x, i1n- 


tion in which time does not enter into the description 


is called ‘“‘athermal’’ and has been recognized in 


crystalline media [7] and designated the ‘“‘athermal 


martensite transformation.” 
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The interpretation of these results is that ¢ is 
at a value of A7 


which corresponds to a value of m that is essentially 


perceptible and in fact very large, 


zero. When supercooling is increased sufficiently to 


make x perceptible (m > 0.02 approximately ) all 


the patches are already covered with crvstalline 


mercury. Thus the potential transformation nuclei 


ire fully formed before any transformation is 
These potential nud lei become active 
immediately when AZ is 


or rT = 


the transforma- 


perceptible. 
transtormation nuclei 
increased sufficiently to make r* 

Because of the athermal nature of 
tion, c cannot be determined but 2,4 can be evaluated 


quite accurately from x,. The value of 7 ‘a alculated 


from the earlier data [1] (sample A) is approxi 


mately given by: 


20 n a exp(BAT 


where a and 6 are constants. Combining equations 


2), (5) and (6) we have 


21 1 aexp|b R 


where } 


The droplets of sample A were 100 per cent 


infected with HgX patches. In certain other samples 
the droplets were not 
that 


a substantial traction ol 


infected at all. Therefore, it is concluded the 


FRACTION OF DROPLETS INFECTED 


cop - -AT= 3.55 
34 


+ 
-AT# 2.96 


AT=267 


AT=2.56 


AT=2.38 


FRACTION SOLIDIFIED 


AT#2.23° 


30 60 90 
TIME (MIN.) 


Fraction of mercury droplets soliditied with 
supercooling. 42 per cent of the 


Sample B 


FIGURE | 


successively Increasing 


droplets are infected with HgX patches 
patch sizes must be distributed about some most 
probable value R = R, 
not give a complete description of the distribution. 
f(AT 
in which 42 per cent 
this 


and that equation (21) does 


In order to obtain such a description x, = 


was measured on a sample (B 
of the droplets were infected with Hex. In 


experiment? the sample was maintained at a cons- 


rformed by Mr. W \. Rocco of 


+This experime 
this laboratory 


Was pe 


10 ACTA METALLU EI 

F(t, D) = J) 
4 

17 m' =| | Dp’ 
Ls 4 

is now elven 

19 1 \ D ag | 

203 AS 
mus percepibl. 
0.30} 
é 
150 
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cooled to a 
held 


x — x,. This procedure was repeated until nearly all 


tant temperature until « —.x, then 


slightly lower temperature and again until 


of the infected droplets had solidified. The results 
are shown in Figure 1. 

The values of Xa obtained from these data were 
to obtain m. n,* was 


with D D’ 4.0 


corresponding Lo 


substituted into equation (11 
calculated? from equation (9 
x 10-*cem. R= r* these 
values was calculated from equations (2) and (5 
value of o calculated from earlier results 


R and A7 


using the 
1 


is plotted against 


AT (°C) 


3.5 3.0 
T | 
LIMITING 


A 


300 400 


R(A°) 


200 250 


FiGuRE 2. Calculated size distribut 
recury droplets of sample B 


ches on me 


relation that is fairly 


n, =f(R) is a 


svmmetrical around R = R 


sigmoidal 
Phe slope ot R 


is satisfactorily described by 


(22 


dR 


10°") exp 18 10°(R 


where RK. = 3.3 X 10-*cm. and na, 


cm.—? at R R,,. The range ot patch r 
450A, seems plausible. 


Sol idification Oo} Tin Droplets Coated with Tin Oxide 


Pound and La Mer [2] established that the majo 


fraction of nuclei for the solidification of oxide- 


coated tin droplets formed isothermally. The rate 
determining step is the formation of a tin nucleus on a 


supercritical patch (thermal nucleation). Crystalline 


tin may also coat subcritical patches but these 
tIt was established from the droplet size distribution 1 
from equations (11) and (19) did 


Important extent 


m values calculated 


difter te 


cannot serve as transformation nuclei. Therefore, 
follows that the solidification rate at a given 
ture, 7), 
rapid when the 


held 


degree above 7 


tem pe I 


and extent of transformation x will be mor 


sample is quenched to 7 ifter 


h iVvIng been ita temperature a tew tenths ol 


than if the sample is quenched to 
the melting 


La Met 2 


their isotherms could be desi ribed ipproximate 


/ from above temperature 


Pound ind esi iblished that | 


the Kimball equation (10) with m increasing with 
Al gave no explanatiol lor the dependence of 
ON Al \ccording jual I should 
be a linear function ured 


Pound 
| 


corresponding to the 


0.3 and for the 
\ler’s 
reatest supercooling and the droplet size distribution 
D between 2 


6 show In 


between 
isotherms 
3.75 microns 


corresponding to 


ind 5.0 microns and 


AT «116.35 


LOG (f-¥v) 


oO 
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AT =117.25 


-y) 


f OR LOG (f 
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FIGURE 5. Te 


ind La Mer's dat 
lroplets AZ = 


equations (18 


I 
1 on the soliditic it10 


t for each of the four AZ’ values. In 


and hence the transformation rate dx/dt, 


is a function of 
ill Cases 
tends to be larger at the longer times than predicted 
by the Kimball equation. The existing non-unitor- 
mity of droplet size would cause f to fall off more 
sharply with time (see equation (15)) than predicted 
by the Kimball equation. 

However, these results and the theory are easil\ 


reconciled by taking into account the auxiliary 


OR LOG (f-v) 


f 


LOG 


20 30 

TIME (MIN.) 

FIGURE 6 t of juations (18) a 
Mer’s 


solidific atlo 


steady nucleation process suggested by Pound and 
La Mer. Let the frequency of the auxiliary nuclea- 


tion be v per droplet; then 


cm exp 
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In(cm 


By proper selection ot va eood straight-line relation 
between In (f — v) and ¢ is obtained for each of the 


5 and 6. 


four values ol These relations are shown in 


Figures 3, 4, 

Thus each of Pound and La Mer’s isotherms can 
be satisfactorily described by three parameters Cc, 1, 
and vy, each of which is a function of 47 and droplet 
size. m is the number ot super ritical patches per 
droplet. c is given by equation (8) and is the fre- 


quency of forming a tin nucleus on a patch. v is a 


steady nucleation trequency per droplet that may 
correspond to the frequency of homogeneous nuclea- 


tion or possibly to the heterogeneous nucleation 


frequency per area of inactive surface 
ind m that describe Pound and 


Fable | 


The values of c, 


La Mer’s data are summarized in The un- 


rABLE 1 
ONSTANTS THAT Dt 
Merr’s Data 


SCRIBE POUND 


OM 


] 


certainty in each value is of the order of 


cent. There is an additional uncertainty due to the 
neglect of the non-uniformity of the droplet size. 
It is hoped that this uncertainty is minimized by the 
vicinity of x 0.5 (x = 0.3 to 
\lso listed in the 


for the three 


evaluation of f in the 


\ 0.7) for all four isotherms. 


table are m values calculated from x 
isotherms corresponding to the smallest A7”’s. This 
calculation is approximately valid since the contribu- 
is A7 

Mer’s isothermal results for four 


tion of v to the rate is less the less 
Pound and La 

different droplet size distributions indicate that m is 

Values of n.* 


were calculated from the m 


proportional to droplet area |2].T 
m 

lable I, which correspond to D’ 3.75 
As a 
by equation (20 > and 
8 = 0.238°K-'. a the 


constants of the straight line obtained by plotting 


values listed in 
<x 10-* cm. 
is satisfactorily described 


1.41 10 


were calculated 


function of AJ, 
with a = cm 


2 


and £8 from 


log 


against A7 (see Fig. 7). From equation (21 


and the value of ¢ estimated by Pound and La Mer 


Frank 


TThis fact was established independently by I 
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we obtain the following expression for 74: 2.60 10' 


(25 n, = 1.41 X 10 “exp[3.14 x /Ricm 


where J, is the nucleation frequency 
inactive surface and a,’ is the area of t 
diameter . K is round to be 10 


FiGurE 7. Calculated size distributio 
patches that catalyzed the formation of 1 
Pound and La Mer’s sample 
Log ¢ and log » are plotted against 1 » fair agreement with the value 
where AF, is expressed in ergs/c.c., in Fi the theorv of heterogeneous 
c is described bv the equation : 
26 10° ~exp| 1.74 10, (AF 
Dorsch an 
nitial freezing temperature, , of water 
27) » ="exp| 2.60 K 10°, (AF,)>k a function of their diameter D and found 


decreased with decreasing order to ext 


and Vv by 


Now > are. a patch of critical size , 
these results | evine |9 
order of 10~'* cm*, hence J, the frequency 
‘ types of units that cat lvze ice nucleation ordina 
tion per cm* of patch is (see equation (8 

characterized 


(28 I, A, exp 1.74 10'/(AF,)k ‘cular 


where A 1074+ cm? sec~!. This value be the number of units 
fair agreement with the value 1027) « rcoolit 
predic ted by the theorv ot heterogeneous n 
1] 

vy might be interpreted as the frequency of homo- 
geneous nucleation or the Irequency ol hetero- 


(One ssible interpret 
| Wwe 


on in the ftreezin 


pat hes cn 


geneous nucleation on an inactive surface. 


assume homogeneous nucleation: 


29) v/v,’ [ K exp 2.60 * 10 Ak 


distribution function of the forn 
where / nucleation frequency per volume However, Dorsch and Hacker 
the volume of a droplet of diameter D’ 
‘O des« ribe the data on 
®cm~*sec~', a value in poor agreemet 
with = predicted bv the theory of homo 
geneous nucleation |1]. 
Assuming heterogeneous nucleation 
active surface of the droplet we obtain: 
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quantitative measurements on the time dependence 


of solidification of the droplets asa function of D and 


AT. tt ts possible, therefore, that the catalytic units 


responsible for solidification in their experiments 
all values of AJ. The depen- 
deduced from their results, can 


vere supercritical at 
dence of 2, on AZ 


be accounted for on the assumption of a statistical 


distribution of catalyst units with respect to the 


contact angle, 6/7, = f(@)] such that the number 


per volume, ”,, characterized by a contact < @ 
ncreases with increasing 6 

The temperature coefficient of the rate of nuclea- 
tion J, ona particular catalyst surface is ver\ large 
so that J, changes from an imperceptible value to a 


magnitude too large to measure over 2—3° tempera- 


ture range. Hence to a gross approximation a catalyst 
also be charac- 


unit characterized by a given 6 ma\ 


terized by a particular value of AT. 


Conclusions 


The multiplicity in crystal nucleation frequency 
that has been observed for the solidification of small 
accounted for by the patch 


with the use of no more than two 


droplets is readily 
leation theor, 


fundamental nucleation frequencies for a_ given 


dispersion at a given temperature. It is shown that 


data are described by plausible distributions of 


patches with size. Also the theory satisfactorily 


explains the athermal formation of crystal nuclei it 


solidific itio ) processes 
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\lthough the existing data are accounted for on 
the assumption that the patches are distributed over 
surface, the surfaces of small 


the droplet very 


particles suspended in the droplet might under 


certain circumstances constitute the patches. For- 
mally the theory is analogous for suspended par- 


ticles and patches in the droplet surface. 
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MARTENSITE* 
C. FRANK 


In discussing the martensite transformation, it is advantageou 


unit cell for martensite. The empirical observations about lattice 


packed plane of the a-phase meets a close-packed plane « 
contact, and that in the Kurdjumov-Sachs case this meeti 

this, and using the known lattice parameters, o 

plane, both agreeing with observation withi eX I nt rror pict Ire ol 
contact automatically demands the presence of a grid of screw dislocations, parallel 
close-packed rows. The motion of these dislocations generates Bowles’ invisible she 


MARTENSITI 

Il est avantageux d’adopter dans la discussion de la tr 
tétragonale a faces centrées. Les observations empiriques co nant lori 
croire, que chaque plan compact de la phase a re contre | pla compact ce 
l’arréte dans la surface de contact, et que dans le cas de Kurdjumovy-Sachs cette 
suivant des rangées compactes. En admettant ceci et en employant les paramétres ¢ 
il est possible de calculer orientation du réseau et le ‘habit plane,” is les de 
expérimentale pre s, en accord avec les observatio s. Ce tte 
entraine automatiquement la nécessité de la présence d’un réseat 
dislocations) paralléles a la rangée compacte commune. Le m 
le « isaillem«e nt invisible de Bowles 


MARTENSTI 

k ist vorteilhaft, die flichenzentrierte, tetrago ile I leme 
der Martensit Transformation zu Grunde zu legen. Die empirische t 
tierungen deuten darauf hin, dass jede dichtest besetzte Gitte I kantenweise auf 
eine dichtest besetzte Gitterebene der y-Phase i der Bertihr la n rd umoy- 
Sachs Fall dieses Zusammentreffe entlang dichtest besetzter ittergrad rfolet ter dieser 
\nnahme und mit den bekannten Gitterkonstanten ka nan di rientierung d tters und dic 
Habitus-} be nen bere h en Beide Be rechi mit Da tu m Kahme der 
experimentellei Fehlergrenzei iiberein. ic ses Bil riihr acl verla t automatisch di 
\nwesenheit eines Gitters von Schraubenversetz I 
Gittergraden parallel ist. Die Bewegung dieser Versetz 


1. Introduction reason that it i ly related to body-centered 
Despite much good work upon it, the martensite cubic a-iron. However, when it is tetragonal, 
problem is not yet solved. Apart from the direct | shall lose nothing by adopting another unit cell 
analysis of experimental observations (no mean describing it as face-centered tetragonal: when 
ichievement, incidentally) the culmination of pre ire considering its formation from austenite it ma‘ 


vious studies (Bain [1]; Kurdjumov and Sachs [2]; be profitable to emphasize its relationship to face 


Greninger and Troiano |3]; Jaswon and Wheeler {|4]; centered cubi iron. The relationship betwee 


Bowles [5]) gives answers to partial questions such the two unit cells, and the standard axes we 


iS: “Given an observed relative orientation ol old idopt, ire show! I | ure ] I the bod -centered 


and new lattices in the transformation, what pro- % 
perty distinguishes the observed habit plane?’’ or 
“Given the observed lattice orientation, what svs 
tem of probable movements will bring it about; and 
can these be separated into those producing the 


observed mass motions, and others occurrin: 


invisibly ?’’ We may reasonably wish to answer the 
question: “Given the lattice constants of a and 4 
phases, what determines the natural habit, motions, 


and resulting orientation when the transformation 


This paper makes some progress towards description 


occurs: 
that goal. suffix 
2. The Lattice Description of Martensite ntent trom | 
per cent carbon n 
Martensite is customarily described in terms of 
SUITIX we lave 
bodyv-centered tetragonal unit cell, for the excellent ro 
*Received August 5, 1952. \We 
H. H. Wills Physical Laboratory ity oO 
Bristol, England irom one system Ol I to the other. \ 


may fully 
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ixes standardized as in Figure 1, the vectors The habit planes are only known in general 
indices except in Greninger and Troiano’s example. 
They polished a section parallel to the thin marten- 
site plate, and determined orientations by X-ray 
diffraction. (15, 3, 10) is 5° away from (925). The 
presumption of (522) for the Kurdjumov-Sachs case 
Hence for transformations of points or direct 
corresponds to a conclusion of Jaswon and Wheeler. 
110 v This conclusion was based on the postulate of homo 
= 3,110): geneous deformation, but we shall see that it 
survives revision of this postulate. 
Lhe reciprocal transtormation to this one Qur chosen standard Variants of the general 
lattice relationships, expressed in the customary 
form, are 
Kurdjumov-Sachs: 


111 101)a7; [O11], || 


lhe equation ola plane hk 


Nishivama: 
101 (112). 101), 


x 


that is, 
- Jaswon and Wheeler chose a different standard 


variant of the Kurdjumov-Sachs relationship, with 


the same planes, but with [110],|) [111].,; that is, 


4 


[110], [O11 Jar. his is an inelegant choice: it 


F 00 1 is obviously desirable to have the z-axis in y corres- 

of thie | pond to the z-axis in (which is a unique axis for 
carbon steels). We shall therefore not follow it. 
he Jaswon-Wheeler standard orientation may be 
converted into ours by a evyclic permutation of the 


y-indices. {110 J.-W.) becomes [011], (this 


3. Empirical Martensite Orientations paper): (225 1.-W.) becomes (: , (this paper 


he observed martensite orientations (summar- the point transformation 


nd Barrett 7 when expressed in 1 


tered a-lattice, assume particu 1 this paper 


bec OMes 


O11}, || [011], y i y J.-W 


we recognize Jaswon and Wheeler's 
natrix Tf. 


4. The Hypotheses of Bain and of Jawson 
and Wheeler 


Jaswon and Wheeler derived their matrix 7 from 


Fe f * (22 wt or » 0.8 wt. per cent the hypothesis that the old lattice « hanges into the 
mn in ‘relationship found by Greninger €W, in its observed (Kurdjumoy-Sachs) orientation, 
ind Troiano: with minimal relative motion of atoms in small 
regions.* Bowles has also verified the same result 


within 1° 
for the Nishiyama orientation. We see that it simply 


signifies that atoms of the face-centered cubi 


if expressed In integers, presum ib] irrational y-lattice become corres ponding atoms of the face- 


Habit (15, 3, 10), (if expressed in integers, presum- ; 
Che final qualification is a necessary one, as we shall se« 


presently 


ibly irration ul 


16 
|); is 
h h—k 110\/h 
6 h + k 110]; 
zed bi sowles a \ 
Bowles a 10\/a 
terms ol the Lace-Cel 
rly simple torms 
Fe-C, (0.5-1.4 wt. per cent C); the Kurdjumovy 
Sachs relationship 
/ 101\/2 
111 111 )ar; 
ited h bit pl ne 52? presumed 522 1 
Fe-C 1 } 1.8 | per cent ( | 
Unknow! onentation habit 925 
Fe-Ni (27-34 wt. per cent Ni); the Nishivam 
111 111 )ar; [112 112 
Habit {925}, approx ee 
[5, 12, 17], || [5, 12, 17]. __—_—_—_—— 
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This Bain’s 


hypothesis, though he chanced to adopt the alterna- 


centered tet rage mal a-lattice. Was 


tive description of y-iron as body-centered tetra- 
gonal 2) becoming body-cen tered cubi 
or body-centered tetragonal with a smaller axial 
ratio) on transformation. Bain omitted to contem- 
plate lattice rotations, and supposed that in each 
martensite there were sub-microscopic 


piece ot 


regions ‘‘upset”’ along the x, y, and z axes in equal 
numbers. Determination of the orientations disposed 
of this hypothesis. 


It is clear that when a plate undergoes a homo- 
geneous uniaxial compression on an axis oblique to 
its plane, it may be made to fit approximately into 
its original space by a rotation, such that the 
normal to the plate moves away from the axis of 
compression, so that the plate is once more parallel 
to its original plane. Jaswon and Wheeler verified 

is their second main conclusion) that the homo- 
geneous deformation comprising a uniaxial compres- 
sion which converts the old lattice into the new one, 
and the rotation which brings it into the observed 
orientation, brings the t1 


(IKurdjumov-Sachs ins- 


formed (522) plane (actually the (4.9, 2, 2 plane 
parallel to its old orientation. The corresponding 


result is not found for the Nishiyama orientation. 

We have said that uniaxial compression coupled 
with the requisite rotation allows the transformed 
plate to fit approximately into its original space It 
cannot do so exactly. For when a sphere undergoes 
with accom- 
little 


be ome 


uniaxial compression into a spheroid, 


transverse extension, since there is 


all di 


ellipses, except one which becomes 


panying 


change in volume imetral sections 


in expanded 
circle; and the major axis of all of them exceeds the 
original diameter. A moderate change in the thick 
ness of a plate is elastically tolerable, but an increase 
in width is not, unless the plate cuts into the sur- 
rounding material. If it did this, it would protrude at 
free surfaces, or break the continuity of previousl\ 
existing scratches. It does neither of these things, and 
we infer that additional deformations must occur 


“upsetting” of the 


A satisfying feature of Bain’s 
lattice along the z-axis, noted by Jaswon and Wheel- 


er, is that it brings carbon atoms immediately int 


their proper positions in the tetragonal martensite: 


for all 8-coordinated interstices, in which the carbor 


2-coordinated interstices, with 


atoms reside, become 
nearest neighbours along the z-axis. This property 
will be preserved if there is additional deformatior 
by slip (but not by twinning). The non-rotating 


property of a plane (say, the 522 plane) will be 
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preserved if atomic motions in the additional defor 


mation are all parallel to this plane. 


5. Lattice Conformity: 
The Kurdjumov-Sachs Orientation 
isiorn 


he characteristics of the martensite tra 


tion very clearly indicate an orderl, tl 


to the other, i 
the 
the 


atoms from the one arrangement 


Chis 


uniform 


rapidly succeeding planes requires 


lattices to meet in a manner over 


surface of contact. 

\ curious feature, common to the 
martensite lattice re lationships, 
111), which 


are 


( lose-pai ked planes, 


not habit planes Since thev are evidently connected 


in some way, it is tural supposition that the 


meet dge to edge n the surtace ol cont 


the that 


suggestion is supported bi 


simpler relationships the | 


important atom rows thes | 


the ibit pl ine, exact 


011 


over, lie 11 
mov-Sachs relationship 


Nishi 


this 


925 However, 
relationships are 
111 ind (111 
equal. They differ 


ibout 0.5 to ? pel 


} 


preci 


] 


rious steels 
mentioned, bein 


| here IS 


( Lost 


report 


(GGreninger 
ibout 


Chis exceeds 


no¢rice. 
deviation of the 


direction 


insier ol 


three observed 
iS the pal illelism ot 


nevertheless 


required 


‘ 
17 
act. 
, tor the Kurd ; 
in (522 d ver 
near] for the relationshiy 112 
nterplat I { 
953 1) 1.63 ner cent I ron, nada rol 
we have 
s¢ 
out ot this difficulty, wl 
to have the giggMmpacked planes in the tw ttice 
not exactly parallel, but bent through a smal ol] 
makes an angle ¢ with the (111), plan 
ire the nterpl S| ngs ve have 
or, assuming wy is smal 
11 l 
mewrers ror ] . 
12 2 
Kor we 1 r ole bet 52? 
es and (111),) or 28° (the angle between (15, 3, 10), 0 
S| (925), and (111),), so that tan ¢ is about }. Th 
the 111). pol from (111 towards the 
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The 


proposed slight modification of the lattice relation- 


from the lattice constants, which is 0.3° 


ships is so reasonable that we shall assume it to be 
correct hereafter. 


Evidently the requirement of congruence ol 


close-packed planes in the contact surface will not 
uniquely determine @ though it forbids values near 
to 90°. We shall next consider the congruence of 


] 


lose-packed rows. In the Kurdjumov-Sachs rela- 


tionship these are parallel to each other and to the 
habit plane. It appears a probable requirement that 


these rows in the contact surface should conform 


o both lattices, or change from conformity with one 


to conformity with the other by a merely longitu- 


dinal displacement. 


On examining projections (Figures 2 and 3) of the 


face-centered cubic and bodv-centered « ubic lattices 


FIGURE 3. Project long [O11]; 


long their close-packed [011], rows, without pay- 


> positions of atoms on these rows, 


we observe an array olf equilateral triangles in the 


Ing attention to t 


and a closely similar array in the former, in 
which 
ind two of 542°. 


7 per cent tor the various steels 


however each tri ingle has one angle of 705° 
[The two projet tions differ essent- 
32 on the (111), plane, an 


int rease by 


n the lateral spacing between [011], rows in (111), 


and the small decrease in interplanar 


vith. With a 


planes, 


spacing which we have already dealt 


RGICA, 


VOI 1953 

suitable obliquity of the contact surface between the 
two lattices, the change in lateral spacing between 
rows will just provide the requisite shear. Approxi- 
mately, the suitable obliquity is given by 

lateral contraction 


tan @ = h = 0.07 32 
snear 


= tan 21.6°. 


When carbon is present, and the body-centered 
a-lattice is tetragonal, its projec tion along the close- 


packed rows is no longer an array of equilateral 


triangles but is intermediate in between 


Figure 2 and Figure 3. The requisite shear is thereby 


shape 


reduced, and ¢ is increased. This is offset by some 
decrease in the lateral contraction, so that for 1 per 
cent carbon @ increases to about 24°. The angle 
(522), and (111), is 25.2°. Thus by 
111), planes and 


surlace, we 


between postu- 


011), 


predict what are 


lating coincidence of rows 


in the contact sub- 
stantially the observed lattice relationship and habit 
plane of martensite in this kind of steel. The approxi- 
mate mode of calculation adopted here suffices to 
expl un but less 


the principle. A more exac trans- 


parent treatment is given in section 7 


We now 011] 


into their correct positions along these rows. 


have to bring atoms in the rows 
We 

an immediate difficulty, that the interatomi 
listances in these rows are not identical in the two 
lattices. They differ by the same amount, 1 or 2 per 
cent, as the interplanar spacings. There is no simple 
ivoidance of this except to suppose that during the 
transformation this strain is taken elastically, and 
subsequently adjusted by plastic deformation. This 
is compatible with all the observations of minor slip 
ind twinning accompanying the transformation, and 
will account for the large hysteresis in the reverse 
transformation. Moreover, the inception of this 
plastic deformation will probably bring the growth 
of the individual martensite plate to an end and 
the 


ought not to 


sharp cessation of growth is one of notable 


observed facts. If this is the case we 
have made our previous calculations with the lattice 
constants of martensite in equilibrium, but those of 
martensite stretched elastically 1 


011] direction 


the 
this fgure being appropriate to 1 per 


per cent in 


better 
information that martensite behaves approximatel\ 


cent carbon steel). Assuming for want of 
the 
consequence will be a further decrease in interplanar 
011] rows 


3 per cent, so that ¥ is increased by about 


like an isotropic body with Poisson’s ratio 1/3, 


spacing and in lateral spacing between 
by 1 
0.1° and @ by about 1°. Agreement with observation 


is thus improved. We assume therefore that the 


to 
e 7 ° 
Fi RI 2 P ( Tac ce ( ( 
+ ‘ + 2 
» + 
y, 
S2- 
(211), 
11] of body- 
entered bic lattice dices refer to face-centered description. 
1¢ 
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[011] rows preserve their length during the main 
transformation; but they require longitudinal dis- 
placement to bring the atoms into their proper 
positions in the new (slightly stretched) lattice. 
Using the word “depth” to signify position along 
the [011], direction, and measuring depth in inter- 
atomic spacings for such rows, we may note that all 
atoms in an (011), plane of either lattice are at the 
same depth, modulo 1, but taken in successive (011 
planes in the [011] direction they are at depths 


6-4 4 O mod 1. 


in the y-lattice, but 
044022 0 2 


3 3 3 3 


mod 


homogeneous 


in the a-lattice. Formally a 


depressing the successive planes by 
0 1/6 2/6 3/6 4/6 5/6 6/6 7/6 
96 10/6 11 


brings them into these positions: but this, involving 


large displacements in planes remote from the 
origin is not an acceptable kind of motion. Depres- 
sing them by 

0 1/6 2 
a uni 


is acceptable. This may be analvsed into 


downward translation of 1/12, which would es« 


every method of observation, and a system 


shears in stacks of six successive planes, thus: 
1/12 1 
—1/12 


These displace ments are effected by a parallel erid of 


-9/12 


1/12 3/12 5/12 —5/12 


screw dislocations, lying along [011] directions in the 
contact surface, and travelling in the direction [100 
between every sixth pair of (011), planes as shown 
in Figure 4. The slip direction is a normal one for 
either y or a lattices. The slip plane is not a usual one 
in the y-lattice, but is in @ (it is (112), ,). The con- 
tinuity of dislocation lines is preserved by uniting 
them with opposite screw dislocations on the other 
side of the plate, by short lengths ol edge dislox atior 
at its edges. These make up the “tilt boundary”’ 
between the relatively rotated but coherent lattices 
at these edges. At other edges of the plate new 
dislocation loops must be successively created as the 
plate expands. The way in which stresses at the edge 
of the plate suffice for the creation of further dislo- 
cation loops as required may be treated after the 


manner of Frank and Stroh’s treatment of kink- 


bands [8]. 
Chere is a twin of our chosen standard martensite 
orientation in which the depth sequence in (011)q; 
planes is 
, mod 1. 
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Fic Screw dislox 
between Y a ad a lattices kK ird 

Phe vertical sheets are Oll F plan 
surtace of contact is omitted im th 
edges 100|7 rows and 
vectol e para 
ire 100), 
tt 


Che necessar\ displacements 


bv dislocations ol Opposite sion 
6. Comparison with Bowles’ Conclusions 


We may 


He worked from 


now compare oul results with those ol 


) ] +} 
Bow ies, the phenome nologi al d ita 


taking some clues from the atomic lattice properties 


likely deformations 


and sough an Into 


which would prov the observed results. We have 


propert taking some clues 


worked from the proj 


from the observations, and have arrived at ar 


essen ti ills identical con lusion, oul introduc tion ol 
the angle w being the chief source of minor differences 
‘first distortion’’ with atomi 


112 , with undistorted 


He arrived at a 


motions in direction plane 


225)4, and a ‘“‘second distortio1 which is invisible 


with atomic motions in direction [111],, and undis 


torted plane 112), n our n ation and st 


522 ind {011 


indar 


orientation, 
011).”. The first corresponds to our shear on (111 
ccompanied by chang 


leous she 


the second to our heteroget 
motion of {011 


\ notable difference is that i 


slo tions on O11 


SCreW d 
our mod 


ity this motio1 


tion we do not have 


tO sper 


ring second, and in the a-lattice: 
the dislocations moving in the transformatior1 


] 


and the deformations occurring simultaneousl\ 


[he distinction between first and second deforma- 


1idere d necessar\ 


itrix methods, 


tions is one re! when deform itions 


are combined by m reterred to fixed 


i9 
A 
} + + | / 4 
| | | | | 
+ | + 
| 
| 
1023... 4 
shea: 
° 
ree 
Fill 
rm cles represent the mid-points between ato 100}, 
rows Phe pper rface OL] ) ‘ hecoms 
5 3 
12 
. 
( descrip 
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oordinates: this does not mean that it is a physically A particular combination of r, f and x values may 
necessary distinctiot 


or may not allow a choice of ¢; and ¢2 which satisfies 


these equations; e.g. in the simple case 
7. Calculation of the Habit Plane of a Coherent | 


Transformation from the Lattice Parameters X1 = x2 = 90° 


Let two lattices denoted by the suffices 1, 2 meet we have the pair of equations (15) and 


the contact plane C, so that certain rows of the 18 r,/cos ¢, = re/cos o>» 


C, belong to both lattices. All rows 
ire therefore parallel. Let P,, P» be corres- en the equations can always be satisfied if, and 


families of planes, such that every mi P, only if, (72/7 ia fia 1) are ol opposite 


ne meets ever\ mt P; plane edge to edge in one Sign. ; 
he common rows R. Let Q1, Qe be a second family In the special case of face-centered tetragonal 
corresponding | s, such that every at" Q lattices, applicable to the y-a transformation in 
ne meets every 71' plane edge to edge in the steel, when we identify the planes Fr as ttt Fs 
ommon rows R. Figure 5 shows a projection the planes Q as (100), and the rows R as [011]- we 
have 


[hese lattice parameters are those of the face- 
centered description : 1.e. for the a-phase 


Ca} 


Planes P; make For y-iron, Qy} 


ingles x; with planes Q;. With 1.8 wt. per cent C, a,, 
ween rows R;in P;andQ,_ For a-iron, 2.860A, 


betwee! successive planes With 1.8 wt. per cent C, r= 3.080A, 
C/Q)akF 1.082 2 
sin x; For intermediate carbon contents, linear interpo- 
lation of the parameters suffices within experimental 
definitions and formula apply also 
error. 


8. Remaining Questions 
[his investigation is not yet completed. We may 
mention here the questions which remain to be 
asked, and the lines along which we may hope 
answer them. 
First, can the other observed martensite orienta- 
ind habits be interpreted along similar lines? 
\t > time of writing it appears probable that the 
Greninger-Troiano relationship can be given an 
essentially similar interpretation. This involves dis- 
@.) locations intersecting the (111), plane, which pro- 
duces a geometrical situation less easy to analyze 
completely. No similar interpretation of the Nishi- 
yama relationship has yet been found. 


ilternative 


Since in the steels, the martensitic transformation 


go in alternative ways, depending on alloy 


20 ACTA METALLU III 
} 
R 
IN 
tir 
19 tan x 
20 c(1-+ 2 a 
4 
21 + 2% a 1+ ¢ a 
x < 
ms... Ol 
em 
mt 
22 ysin x = 30 
| \ 
5 lar Qa: 9 
With the plane UC, ind 3.632A, ] 
re the spacings bet ter = 1/+/2 
p 
J 
13 
rhe corresponding 
th suthx 2 throughout 
Now we have the following equations 
14 mS, SIN SIN x 
sin (x sind sin(xs — @: 
sin x 
Sill 
Eliminating and m, and using (13) gives ust 
mMIONS Tor the TWO inknowns @ ind @ 
15 Si] [ SIN 
4 4 
16 sinx1/s ro SINxX2/SINn( x2 — 
which may be combined to give an 
second equatio1 
cot — cot x1 cot — cot x: 
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composition and on temperature, we ought to find 


what determines the choice which is made. This 


is presumably determined at the nucleation of a 
martensitic plate. The important parameters govern 
ing nucleation are the magnitudes of volume- and 
surlace-free energy. The former is influenced by the 
elastic strain which we have found to be present. 
This is a function of lattice parameters and therefore 
of composition. With regard to surface energy we 
have two separate considerations. 

In the first place, we recognize that dislocations 
are present in the boundary. They will contribute a 
substantial proportion of the boundary energy, and 
this can be calculated to some degree of approxima- 
tion. This part of the boundary energy will not be 


be 


orientations. A 


very sensitive to alloy composition, but will 


different for different martensite 
second part of the boundary energy, more sensitive 
to alloy composition, arises as follows. The habit 
plane determined by the principles set forth above 
is in general irrational; its orientation is a continuous 


function of lattice parameters. When the contact is 


on this plane the long-range stresses are minimized, 


but there may be substantial local stresses of alter- 
nating sign due to local misfit in the boundary. 
For certain compositions the contact surface deter- 
mined in this way will approximate to a rational 
plane which minimizes these local stresses, so pro- 
and 


clucing a minimum in the surface-free energy, 
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favoring the nucleation Ol Ma 

corresponding orientation 
Finally, it will be of interest 

transformation 


hat the 


the ce termin 


inalysis to martensiti 


metals. It is worth mentioning t 
greatly simplified if, along with 
a lattice orientation, the determination of th 


ponding habit plane, not merel 


is available. 


a stay at the 


This stud, was mad du ng 
Research Laboratory in Schenectad\ 
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1 
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the. summer ol and would not 
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X-RAY LINE BROADENING FROM FILED ALUMINIUM 
AND WOLFRAM* 


G. K. WILLIAMSON7 and W. H. HALL? 


inalysis previou ly sed in the 1 terpretation ol line broade i go are 
adequate; \n analysis of published results using 
be attributed to simultaneous small 


discussed and are 
more reliable methods being outlined 
est hat the observed effects car 
nil Measurements of the changes in i 
a Geiger counter spectrometer, in the spectra of cold worked aluminium and wolfram 
+} 


simultaneous small particle size ng, the 


methods sugg 


} 


nd strain broade tensity distribution have bee 


breadths may be attributed to 
particularly at the higher B 


ragg a gles, and l i 


uctural fault. The observed rise in the breadths 


rredominating, I 
iced by dislocations or some similar str 

es from annealed materials suggests that some dislocations remain after annealing 

i eneral merely contirm the results of the analvsis of the line 
dislocations form into walls 


shapes 
red cimenc mia Maat 
ecovered specimens it suggests that the 


DES RAIES DE RAYONS X OBTENUES 
D’ALUMINIUM ET DE TUNGSTENE 


ELARGISSEMENT 
DES LIMAILLES 
ns l’interprétation de l|’élargissement des raies sont discutées 
8; des méthode s pl is correctes sont diquées. L’examen des 
¢ de s ces méthode s, fait ( roire que les effe ts observés peuvent 
itesse des particules et a l’élargissement di a la déformatio 
: ium et cle tu gstene ont 


lans les spect 


Les largeurs des raies peuvel 


compteur 
t di a la déformatio 


eClargissemel 
les de Bragg, il est i1uss! démor 


‘-uctural, similaire. L’augme 


ies des matériaux recuits, fait croire, 


rier de la forme des raies co 
cas des écha tillo Ss qui on 


; dislocations se rat gent 


NG DER ROENTGENINTERFERENZLINIEN VON 
\LUMINIUM- UND WOLFRAMSPAENEN 


aie bishet Zul \uswert oO \less 


disku 


i ren 
minium und Wolfran 


ter if dic 


ometet! 


] 


er Teilche Spal Z 


iberwiegt or all l Reflexionswinkel 
durch Versetzunge lislocations’’) oder ahnliche 
htete Verbreiter I 1 grosser Reflexio 
dass ach der Gliihung och einige Versetz 
Fourieranalyse der allgemeinen Linienform best 


llei hei er 


rbreiter 


ni 
lin, 


holten Prob 


Introduction Previous work suggests that the broadening 1s 


he cold working ot plastic detormation of metals produced by eit e strains alone, or by lattice 
is been shown to produce appreciable changes in Strains and small particle size simultaneously. 
the intensity distribution of diffracted X-ravs. The Stokes and Wilson [2] have shown that if the inte- 
most prominent of these effects are changes in line gral breadth of the strain distribution is & the 
shape and in integrated intensit ind previous corresponding spectral integral line breadtht 8 
workers have confined their studies to one o1 due to strains is 


other of thes pics. Changes in integrated intensit) 


have been studied and discussed by Hall and William- 
where 6 is the Bragg relation deduced by 
| the reciprocal 


son he objec t ol this papel to interpret, 
line shape with ™a™ earlier workers 1 terms oO 


is to broaden the 


lattice the etfect of lattice ain 


lattice points a breadth Py which 


disci 
the simultaneous 
rec Ipre il 


reported 
ies linearly with the distance from the origin, 


\ 
el ved \ 


7TDepartm« tSpectral 


dispersio1 Xx 


rngiand 


ACTA METALLURGICA, VOI 


est 
arti Sige 
nade sing 
ettects 
Fourier 
readtn 
Les méthodes 
et est montré q 
rés = publiés 
re attribués ¢ 
mesurees move d'u spectrometre a t étre 
ttribuees sil tanément a la petitesse des } , Cette 
ler ere et t la pl importa le surtout a x pl Is ds ll tre que 
es effets observés sont dis aux dislocations ou a un autre défaut st] pati 
servée dans la largeur des raies a grand angle obten un 
partie des dislocations reste ipres recult | inalvse de Fo rme ¢ gener il 
le res tion, cela conduit plutét a la conclusion que le en plans (polygo 
RoOutgeninterferenzen benutzt wurde werden tiert. Es wird gezeigt, dass si zureichend 
a a erlassige Methoden werden beschriebe \nalysiert man die in der Literatur ver6ffent 
chte Daten nach einer dieser Methods o scheint die beobachtete Verbreiter g¢ sowohl auf de 
itt ler kleine leilchengrésse als auch auf i lere Spa ungen zuriick zu geh 
| te sitatsverteil det Fy str ikturdiagt imme vo kaltbe irbeitetem \] 
vurde t Hilfe eines Zahlrohr-Spektronmmmmmrs gemessen. Die Linienverbrei 
eitig orhandene Effekte klei iriickgefiihrt 
erden; der Einfluss der Spa ge 5s wird 
ezeiot ss die beobachteten Effekte stall 
( rgerufen werae Die be winke 
nte \Materiali deut dara 
n Materia zurtickble titigt 
e Resultate der Analyse der Linienve deutet sie daraut 
3 2¢ tan 6 
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AND 


d*, thus, since and d* 2 sin 6/r 


(2 = 


(Lipson [3] 


Particle size broadening has been shown by man‘ 


investigators to obey the relation 
(3 Gp = A /t cos 


where A is the X-ray wavelength, and ¢ is a mean 
linear dimension of the particle defined by Stokes 
and Wilson [2], and has been called the apparent 
particle size by Jones [4]. The reciprocal lattice 
breadth 8p* is a constant independent of d* and 
equal to 1/f. 

Correction for experimental broadening necessaril\ 
the 
recording device have been discussed in detail by 
Jones {4}. Wilson [2], Schull [5] 
Stokes [6] have suggested and described Fourier 


methods of correction which require no @ priori 


introduced by imperfections of camera and 


Stokes and and 


assumptions of experimental and broadening func- 


tion line shapes. 


Previous Work 


Since the first report ol line broadening by an 
Arkel [7] most of the published work has been held 
to support the view that broadening is due to ran- 
directed, slowly varying internal lattice 
Wood |8; 9], Haworth [10], Brindley 
11], Brindley |12], Smith and Stickley [13], 
14], Megaw and Stokes 


15] have used similar methods of interpretation in 


domly 
strains. and 
Ridley 


Stokes, Pascoe and Lipson 


hy pothesis. For example, 
that 


supporting the “strain’”’ 
Smith Stickley [13] 


bre vadening 


and found the physi il 


the measured breadth corrected for 


experimental broadening) from woltram was linear 


with tan # (equation (1) for lattice strain effects 


showing no dependence on wavelength (equation (3 


for particle size broadening The same _ results 
equation (3 


plotted against sec @ indicated 
negative value of 8 when A sec # was zero, a phys 
cally meaningless result. 

Smith Stickley 


resolve the variation in the apparent strain 


For a-brass and were able to 
witl 
terms of the elasti 
2 should 


is the 


ind found 


the indices of reflection in 


anisotropy of brass. They suggested that 
where 


have an order of magnitude Ll’ F, 


tensile strength and - Young’s modulus, 


ood iwreement between these two values. 


Further evidence in favour lattice sti 
interpretation 


Warren and 


in line 


studied the anges 


theorv, differing in tl method 


is that advanced by 


Ther 


from the above, 


Averbach [16; 17] 


-RAY L 


INE BROADENING 


shape rather than changes in line breadth and con 
cluded that line broadening is due to lattice strains, 
thar 


which are not constant over distances greater 


about 10 atomic diameters 


Evidence supporting the contention that some of 
the broadening is due to parti le size is generally less 


convincing. Dehlinger and Kochendorfer [18] at- 


tempted some separation between parti le size and 
the low angle broaden- 


20 


strain effects by attributin 


) 
) 


ing to small partic le size | rag? related the 
strength of metals to their apparent particle size and 
found good agreement between the observed 

and those calculated from the data of Wood [21; 22], 


ind Wood and Rachinger [23] have reported som 


dependen e of the observed broadening upon wave 


length, in agreement with equation 3 


Discussion of the Theories of Line Broadening 


An complete theor. ol line broadening must 


line broadening to the 


theories of work-hardening and plastic deformation, 


relate the cause ol eXISting 


} 


explain the apparent anomalies between the tw 


conflicting interpretations reviewed, 


changes in 


the line broadening to th 


1h) | 


| 
proauced DV cola work. 


One usetul approat h is to consider ; 


whi h both strain and small | article 


occur simultaneously, to calcul 
the tol il broadening with 
6 and sec @ criteria as used by previous workers 


} 
th 
Lilt 


supporting the strain hypothesi n Figure 1, 


\ 
20 
nd relat 
integrate 
enectrin 
e , 
T t 
] { las ] 
vaiues Oo } iiculated i values o \ 50. 
) na +] t | 
1 1 1 
ea \ oO Ol r 
re est C1) ( ( Het Z 


rALLI 


taneous small particle size and strail ( ing against 
An reasona le line thro h the ( | nts gives 


high angle points correspond fairly closely to a 


straight line having a negative intercept at sec @ = 0. 


Thus Figures 1 and 2 correspond closely to those 
previously reported experimental results which have 


been held to support the strain theory, although they 
PI 


have been calculated on the assumption that 


ippreciable small particle size broadening exists in 
the spectrum; the tan @ and sec 4 plots cannot there- 
fore be regarded as satisfactory criteria in the inter- 
pretation of line broadening. 

Phe interpretation of results obtained with many\ 
wavelengths mav also be misleading since @ and X are 
not independent variables. 


In general 8 is given approximately by 
4 a \ tcos 6, 


ind on substituting from the Brage Law for \ then 


+ 2d /1 tan @ 


ind the breadth is a linear function of tan 6 for any one 


reflection hk irrespecti » of the nature ot the 


broadening (the values of 2 and 2d ¢ are dependent 


on the indices of reflection). This too is in agreement 
with the reported work (e 
Smith and Stickle, 


The 


eltects 


g. Brindley and Ridley, 
terms of small 
criticized by Stokes, Pascoe and 
14} and by Stokes and Lipson [24] and also 
uppears to be in doubt. 

Hall [25] 


allowing 


interpretation in particle 
has been 


Lipson 


proposed a method of interpretation 
some separation of partic le size bre vadening 
and strain broadening. The method consists essent- 
ially in plotting the breadth of the reciprocal lattice 
points against their distance from the origin. Small 
particle size alone then gives a horizontal plot with 
in intercept 1//, and strain gives a line through the 
origin slope, &, if the strain distribution is isotropic. 
The composite broadening produced by simul- 


taneous small particle size and strain depends to some 
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extent on the broadening functions of the separate 
functions are Cauchy 
plot is 


It both broadening 
of the form 1/ (1 
are additive and the 


1 


ettects. 


curves then the breadths 
linear with slope & and 
intercept (curve a, Fig. 3). If the broadening 


FIGURE 3. A plot of B* ( = 6 c 
small particle size and strain 
sin9/X). Curve (a) is obtained if the broadening functions are 
of the C type whilst curve (b) is that obtained if the 

ictions are Gaussians. The dotted curve ( 


Issed 


»s due to simulta 


broadening against d* = 


eous 
9 
aul hy 
represents 
the text 


termediate Case 


functions are Gaussians, the squares of the breadths 
are additive and the graph is curved, being asympto- 
tic to a line of slope € curving upwards near the 


origin to an intercept 1/f, (curve b, Fig. 3). Since the 
curvature is dependent on the exact forms of the line 
shapes and broadening functions assumed, it is 
preferable to calculate the type of variation exper ted 
Such a 


randomly strained cry stal is discussed below, and it 


from various models. calculation for a 
is of interest to note that Wilson 26) has generalised 


his calculation on diffraction by bent lammelae to 
show that there is a similar gradual transition from 
pure particle size broadening at d* = 0 to strain 
broadening for large values of d* 


Warren and Averbach 


strains and particle size of a sample can be deduced 


17| have shown that the 
from the Fourier coefficients A, of the broadening 
function and the breadth of the reciprocal lattice 


broadening function is given by 


It follows that it is possible to obtain the variation 
of the breadth throughout the reciprocal lattice by 
calculating the Fourier coefficients for a partic ular 
Warren 


the coefficients due to 


model. It is convenient to obtain and 


Averbach’s A,, by 


article size P,, with the corres yonding coefficients 


folding 


due to internal strains, S,. By choosing new axes any 
reflection can be made the oo/ reflection from planes 
of fundamental spacing a;. If cells along columns 


perpendicular to the reflecting plane suffer displace- 


24 ACTA ME 
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ments which have a Gaussian distribution such that 
the mean square displacement for cells na; apart is 


then 


Sn = exp! 2a 


(Warren and Averbach, [17, equation 14]). 


The term P,, is the ratio of the number of cells 
spacings apart to the total number of cells, and thus 
fora crystal of length V perpendicular to the reflect- 


ing planes 


Thus the coefficient A, due to both small particle 


size and internal strains is 


9) A, = N 


— 


that 


Quite generalized arguments show as | ap- 
proaches zero the strain component approaches unity 
the breadth approaches particle size 


and pure 


broadening 
\ 
ys) 


\t large values of /, P,, becomes virtually constant 
S, and the high 
to 
More particularly, if the strain varies 
the 


where 74° is the mean square strain and, when 


10) 


compared to the rapid variation in 


angle broadening approximates pure strain 


broadening. 


n-n* 


then 


slowly within crystal 
is 
small, 


11) 


whence 
12) 


and 


13 B* =~ 1/t(1 rl 

Hence to the extent that the approximation holds 
against d* (which equals /a;*) inter- 
at 1/t 


line representing 


the plot of B* 


ad* = 0 and curves away from the 


sects 


horizontal partic le size very 
rapidly with increasing d* 
For a crystal in which /*7? is large, 


Thus for large values of n- or d* this appre xImates to 
B* = d* i.e. By = 2 tan @ which 
be compared with equation (1) 
\/ (2777). 


for strain 
This 


leduced by a more 


may 
broadening 
coincides with curve b, Figure < 


in which ¢ = result 
> 
3, 


xX 
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strain distribution 


Che 


pears to lie between the two extremes of Cauchy and 


qualitative discussion 


Gaussian functions and a general curve such as 


Figure 3c is probable. The use of a linear extrapola- 
tion from measurements at high angles only, results 
in correct values of the lattice strain for all cases but 
too large bi 


values of particle size which may be 


factor in the range 1 to m. 


Hall 


using a plot of B 


the 


2 using a linear ext1 


25] analvsed much o published data 
iwainst 


polation and found a positive intercept for all cases 


excepting that of martensite, the partic le sizes 


i value of 10 \ similar value has 
Mazur [27 


and hence the me in 


ranging about cm 


also been reported by and by Ka nel! 


28] for martensite. The slopes 


strains) increased generally with the hardness of th: 
metals. 


An 


simultaneous particle 


interpretation ittributing broadening 


size and strain effects seems t 


correlate most of the published results, and, as will 


be 


current dislocation theorn 


the 
the 


long extrapolatior 


later, this is in good accord with 


shown 
of detormation. Since 


method used by Hall involves 


from the experimental points further measurements 


have been made using an improved experimental 


rec hnique in order that a more cert un correl ition of 


the observed etfects with the dislocation theory « 


be 


made. 


\luminium and wolfram have been chosen for 


study, since they are both approximately elasticalh 


isotropic. These two metals also approximate to the 


extremes of hardness normally encountered 


metals, aluminium being one of the softest metals and 
1 it may 


lardi 


wolfram one ol the hardest, an be poss ble 


ess on the cha Ives 


to determine the influence of | 


observed 


Preparation of Specimens 


used in these experiments were 


\ll 


prepared by hand filing 


spec mens 


, followed by 


through 


1 350 mesh per inch sieve 


Four samples of aluminium were prepared, two 


from a sample of high purity aluminium greater that 


99.99 per cent pure, and two trom a sample ot 


pproximately 99.7 


file 


less 


commercially pure aluminium 
using 
annealed 
500°C 


| ilings Ol both 


line 


‘smooth’ 


per cent 


purities in vacuo than n 


mercury) at for 25 mint but as the 


to be il onl 


sample was exam 


found identi 


breadths from both were 
the spectrum of the high purit 
ined in detail 

Three specimens of wolfram were prepared from 
| by the Tungsten 


bar 99.9 per cent pure supplie 


25 
Py = (Ns — 
l 
A,™ (1 —/N3)(1 — 
15 B* (d*\/ + (1/ zt). 


\LLI 
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filings were 


0.4 per cent 


Manufacturing Co. After sieving, the 
shown by analysis to contain less than 
tf iron. Two samples were annealed in vacuo, one for 

for 3 hours at 


50 minutes at 1150°C and the other at 
1300°C, 
The Experimental Method 
[he results were obtained using a Geiger countet 
spectrometer and the experimental methods previous- 
1], the measurements of line shape being 


carried out simulta 
in intensity previously reported. Measurements were 


a scaling unit, 


described 
1eously with those of the changes 


made of the reflected intensity, using 
the Geiger counter 


ingular settings of 

y avoid the distortion introduced bv the use 
counting-rate The “count” was 
he scaling unit, not for a constant time, 
monochromatt X-ray 


second monitor- 


it spec ific 


in order t 
ot a meter [29] 
recorded on t 
rar’ output 


it 


It tor an 


from the X-rav 


ind 


hy) 
is measured on : 
ig counter Was corrected lol counting losses 
Hall and Williamson 


stability of the monitoring were made and although 
2 per cent was observed, the 


30|). Frequent checks on the 


long term drift ot 
drift of less than 1 per cent during the measurement 


vould introduce a distortion less than 


Ot any one line \ 
itter on the results: 


to statistical si 
nonochromatized copper A, radiation generated at 
50 IK.V. peak and 10 M.A. has been used throughout 
e breadths were obtained by graphical 


31 


ncert due 


Integral lin 


he line shapes 


re solution Ol 


pea 
ised to determine the integrated intensity. 
esolved line shapes coincided wit! vuchy 
within exp error and thus the 
is simply the sum of the required physica 


breadth 


bre the experimental breadth 


idth ar d 


Line Broadening Results for Aluminium 


The values of line breadths observed in 
specimens 


aluminium 


+} 


nree 
4 


s expressed in minutes of 


sper tra tron 
in Figur which I 


B 


shown 
the 


lwo features art 


are in 


breadth 
the very | 


noti e ible : first, 


nm 


( the broadening 


specimen compare 
ise 


ind secondl _ the rapid rl the 


specimen, in 


ening at high 


Lit 
ol 


latter effect 
\] 
experiment 
Figure 4 


inadequate to explain this broadening 


he 
shown 
10 


ind it 


liorm 
dotted 


exandet is shown that t 
broadening is that 
article sizes as small as 5 > cm. 


strains exist even in the ant 


that lattice 


to obtain the sum 


k intensities, Simpson’s rule being 


Che 


functions 


O physical broadening, since 


( sery ed 


the 


X 


low value 
the cold worked, high purity 


to that in the commercially pure 
broad- 


les in the annealed specimen. This 


the 


Bal 
bil 


RGICA, 


plotted 


] 
ealed sam 


are 


ippears 


1ealed state. 
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imi 1m spect 


} 
hig 


Oy Tor the al 
O irom he y 
rity filed sample 
the | 
igh purity sample 


1 pul 
mec hani- 


I ag l a 
rom the 


ple fron 
] 
ied sample; Z\ 


Ati 


ommercial purity rom 

ally led high put 
filed under liq I 

tal broads 


by a particl 


g pr 


ity ym the h 
he predic ted form of the 
physical broadening 
physi il 


cm 


I ipidly 

experimen 
roduced 

vache duced LO 


of the experimental broadening 


\n estimation 
must be made betore the results can be interpreted, 
since no direct measure is possible. The divergence 
of the X-rays has been restricted to 2° and the 
experimental broadening is approximately symmetri- 


cal about x 90°. A constant experimental breadth 
has therefore been chosen for two lines equidistant 
and 24 . such that 


from x 90° (in Fig. 5, lines 3 
the re ipre cal lattice broadening indicates a particle 
size of 0.8 & 10-*cm. for the annealed state, a value 
which is of the correct order ol magnitude 33} Both 


cold worked specimens have smaller particle sizes 
4X10 being indicated tor both 


purities on Figure 5. 
3* for the other lines, calculated fo: 


a value ol m. 


The values of 
issumed experimental breadth of 12’, li 
the lack of aniso- 


the same 
on a smooth curve and indicate 
tropy in the broadening. The assumption of sym- 
metrical experimental broadening and Cauchy line 


shapes, tends to reduce the slope of the reciprocal 


| 
| | 
| a | 
| 

ani | 
| 
6 
4 Aa \ 
as i 
| 
= 9 / 
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FIGURE 4. The e breadths 
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experimental accuracy. Since the bac koround rise 


was substantially constant over the entire spectrun 
very large atomic displacements of the order of up to 
half a spacing must be responsible. hese 
re sults together provide i ver’ critical test [or 
theorv of cold work, since the ver high short 1 ing 
strains responsible for the in 
intensity and the decrease in line must 
more stable at the high temperature produced dur 
filing than the small long range strains responsibl 
the increase in line breadths. simple 
lattice strain theory is inadequate for this reason sinc 
FIGURE 5. The interpretation of the line broadening i . the greater the strain the less should be its stability 


iluminium spectra in which (* is plotted against d* ; ng on recovery the background would 
an experimental breadth of 12 mins. of arc. Svmbo s for ' é 
Figure 4 change first, and not the line broadening as observed 


be exper ted 


The only satisfactory explanation is that som«e 

lattice broadening SO that the values ot the lattice metast ible fault exists which produces 
strain breadths of 0.025 per cent for annealed short range strains and persists even 
aluminium, 0.045 per cent for filed high purity, and dissipation of the smaller long rai strains 
0.14 per cent for filed commercial purity are min [wo types of lattice fault wh would confor 
mum and not absolute values the stringent requirements of the experiment 

The different impurity content of the two filed data are the screw and ed F ations, which ar 
specimens is probably responsible for the differences — stable i1 far as they n only be removed frot 
in the strain breadths since both received the sam« the lattice by movements t free boundar 
cold working treatmen:, the impurities retarding o1 nutual annihilation of ty 
preventing the recovery of the commercial specimen ign. A detailed discussior 
No difference in line broadening could be detected 
in the high purity sample examined $ hour, and 350 


hours after filing and this suggests that the recover 


if any, occurred at the instantaneous high tempet From the dislox 


ture generated during filing. Further high purit: ind Nve [36] for 

samples were examined in which this instantaneous — ball models 

temperature rise was restricted, either by filing ver 

slowly with a lightly loaded file so that the heat I hat coherent 
generated was dissipated very rapidly, or by filing yer regions much 
under liquid air. Both these methods gave increased paration. The st 
broadening as shown in Figure 4, the slowly filed nd magnetic properties s 
sample having a broadening little different from that increases the dislo 

of the commercially pure specimen, confirming that of approximatel) 

the difference is due to instantaneous recovery ot cold worked state 


filing dislow itions these 


Discussion of Results for Aluminium 


Che effect of recovery on the value of the breadths 
is of great interest in view of the simultaneous 
measurements of the changes in integrated intensit‘ 
and background level {1]. In these experiments cold 
work was observed to produce a unitorm reductio1 
in the intensities of each reflec tion ilter a corrrection lis] itions, the 
for extinction which is also atfected by cold work ening due to botl 
and a corresponding rise in the background level. exper ted to show some str 
The intensities of the lines and the background level sin 


were not affected bv recovery, within the limits « 


3 4 - 32 4 
= 
E 
* 
ti t cislo tions 
heir immed te neighb« 
renection to 
tery +} +] ] 
( ( slo ( 
specil neat 
ests cok O 
es per cm I Lhe | 
| res orrespond to vel 
| 
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10-8 cm. for tl ld tat 
1 ( ( tor the cold worked s e. \ les 
+] \\ 
hose reported \ 
surro 
t st] roadel 
tne r er the ens 
ene! 
Wy lanit 
yrroadening as obs 
ssumed to cont I the 
SSS order of 10° dislocations pr oug s is 
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very small and must have passed unnoticed in most 
experiments. 
The 


¢ irked 


actual value of the breadths from the cold 


metal will be very much influenced by 


which has been discussed by Koehler [38], 
Burgers [34], Cahn [39] 


40]. Although the 


fully understood it seems certain that it involves the 


recovery, 


and Guinier and Tenevin 


mechanism of recoverv is not 
migration of the dislocations into walls, similar to 
that 


energy of the 


erain boundaries. It has been shown such a 


mechanism can reduce the strain 
lattice. Recovery is thus dependent on the mobility 
of the dislocations and is greater for soft metals than 
for hard ones, and can be reduced by the presence ol 


41], and 


ditferences in strain found by 


impurities (e.g. Cottrell and Churchman 
Bilby [42]). Thus the 
Hall when interpreting previous results may be due 


either to the production of different dislocation 


densities by different method of working, or to 


different degrees of recovery, but in the present 


results they are due entirely to recovery. 


In addition to the reduction in strain energy on 
recovery, reduction in particle size broadening is to 


De expected since reflection will be coherent over 


distances of the same order as the separation ol 


polygonised boundaries. The small change observed 


n aluminium suggests that extensive polygonisation 
id occurred in the commercial purity specimen. 
hus the results from aluminium would agree with 


the predictions of the dislocation theory, the com- 


mercial purity aluminium having a higher strain 


energ\ as indi ated by the breadths than the high 


purity aluminium because of the action of the 


I 


impurities in restricting the movement of the 


dislocations. Any alternative theory of the changes 


would have to be based on a different type ol 


metastable fault and would thus not be significantl\ 


ditterent. 


Line Broadening Results from Wolfram 


[he measured line breadths from the spectra 


from the three samples of wolfram are shown in 


The 


innealed sample at 


Figure 6. increase in the breadths from the 


high angles is very marked, 
partly because of the reduced experimental breadth 
in this particular series of experiments and partly 
because wolfram line 16 occurs at a higher angle than 
aluminium line 24. Thus the existence of a definite 
physical broadening in the annealed metal is more 
apparent than in the study of aluminium, though a 
subsidiary experiment on an annealed aluminium 


specimen showed that the breadth of line 24 coin ided 


VOL. 


FIGI RE 60 Lhe line breadths D, tor the 
plotted against .V. O from the sample annealed at 
DP from the sample recovered at 1150°C; @ from the 


examined as filed A> ibsidiary measurement 


wolfram spectra 
1300°C 
sample 
of aluminium 
through the breadths from the 


with the curve 


innealed wolfram. 

lhe breadths from the specimen heated at 1150°C 
are only slightly greater than those trom the an- 
nealed specimen and indicate that very extensive 
recovery has taken place from the high values of the 
breadths civen by the cold worked specimen. 
\easurements of the background level showed that 
both the cold worked specimen and that heated at 
1150°C gave similar background levels, which were 
higher than that from the specimen 


1300°C, 


significantly 
annealed at indicating that the former had 
recovered and the latter had recrystallised. 

A plot of 


a similar method of analysis to that used for alu- 


against d* is shown in Figure 7, using 
minium. The analysis has been carried out for the 
recovered and annealed samples by assuming a 


constant breadth of 10 minutes of arc for line 2 and 


for a point midway between lines 14 and 16, posi- 


+ 


14 


Che interpretation of the line broadeni 
Svmbols as in Figure 6. 


FIGURE 7 
wolfram spectra 
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tions which are approximately equidistant from 
x = 90°. The plot which represents the annealed 
sample then has an intercept corresponding to 
10-*cm. and a small slope corresponding to a strain 
breadth 0.03 per cent. The intercept for the recov 
ered metal indicates a similar particle size to that 
in the annealed state and a greater apparent strain 
having a value of approximately 0.1 per cent. This 
result suggests that if the postulated mechanism of 
recovery is correct, the separation of the walls of 
dislocations in the recovered state in this particular 
specimen is of the same order of magnitude as the 
separation of dislocations in the annealed state. The 
cold worked sample shows much greater partick 
size broadening, indicating a particle size of th 
order of 2 X 10-5cm, and a much greater valu 
the strain breadth of 0.62 per cent. 

Thus the results from wolfram support the 
ire given by 


dislocation theory of deformation as closely is do 


displacement | 
those from aluminium, the only appreciable ditfer- 
should decreas 


line 4. This 


explained it 


ence in the two sets of results being the reatel 


~ 


strain ind particle size broadening Ol the cold 


worked wolfram. The observed frac tion il rises in the 
background intensity from the two metals coincid 
fairly closely and indicate that the dislocatior 
densities in both cold worked specimens are approx 
m itely equal. However, since the observed strain 
in the two metals differ so greatly, it is apparent that 
appreciable recovery must have occurred even in th¢ 
commercially pure aluminium specimen. Such an 
interpretation is reasonable since the mobilit 
dislocations is a function of both the impurit 
tent and the atomic mobilitv, which will in turn be 
function of the melting point. Thus dislocations 
the aluminium (melting point 933°A) will be mor 
mobile at the temperature produced during filit 
~ 600°A) than in wolfram (melting point 
mately 3700°A 


tDprox 
ppl 


Fourier Analysis of the Line Shapes 


Interpretation of the Fourier coefficients has beet 
carried out by the method of Warren and Averbach 
17]. This method is unsuitable for determining 
parti le sizes as large as 10 cm. occurring sim 
taneously with strain since errors in the analvsis duc 
to numerical summation and slight errors in placing 
the peak of the line reduce the reliable l ' ibout 10 spat 
the coefficients to three figures, leaving the ue of — spec imen hows 
particle size indeterminate. V/Z,” becomes 
\n interesting feature of the plots of A, versus 7 Similar results, 
shown in Figure 8 for aluminium is that the values of | ed from wolf! 
A,, from line 24 do not decrease as rapidly as do thos« truly random 


from line 4, at low values of 2. Since the coefficients n a curve cont 
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RGICA, 


The variation of 1/Z,2 with » for line 14 
fitted to the experimental 
igure 8. A from the as 
1150°C 


ave 
es of nasin F 
] 


sample recovered at 


and thus the strains must take up some 


regular arrangement. This constancy implies that, 


to a good approximation, the regions of strain 


cannot extend for distances greater than 30 spacings. 


If this were not so the values of 1/Z,”? would con- 


tinue to increase bevond n = 30. If dislocations are 
iccepted as causing the diffraction effects studied 


then this process would correspond to polygoniza- 


tion, and the walls of strain would bound the regions 


of coherent reflection. Thus the condition of the 


recovered sper imen ma\ be represented schemati- 


ily as in Figure 11, in which walls of strain occur 


M 
FROM MEAN 


ipart, and 2m sp wide. To 


calculate the iverage absolute or mean square 


strains for all pairs of cells m spacings apart, three 


be « 


a) the displ icement between cells in the 


terms must onsidered: 
wall, for 
hav ing a 


values of <m, (m—n) cells exist 


displa ement Z 


wall, and tor value 1>m 


~ ne where ¢€ is the strain in the 


the contribution of 
this term is zero. 
b) the displacement between cells, one of which 


the strain free region and the her in the 


strained region. For values of n < m, (n 1) such 


combinations exist for each wall and have values 


3e,..., (n — 1)e, whereas for values of m > m 


1953 


such combinations exist having values 


(m— le. 


the additional displacement if slight strains 
occur in the so-called strain free region. 


Neglecting the contribution from (c) the mean 


m is given approximately by: 


Wl — nN)\neE > 


( 


16 V Z 


strain for ” 


and for n > m, 


(17 Z, = : = constant. 


value 
the 


increases until at a 


Thus Z, 


becomes a 


eradually 


n=m it constant. The width of 
walls is thus about 30 atoms in both the aluminium 
and the wolfram. This analysis confirms the postu- 
lated mechanism of recovery, that the dislocations 
walls surrounding relatively large 


migrate into 


strain free regions. The analvsis, however, throws 
some doubt on the usual interpretation of the A, 
versus ” plots, that the strains are non-uniform over 
distances greater than 10 spacings; a possibly more 
correct interpretation is that in certain regions the 
strains change appre iably over the distance of 10 
spacings. 

The surprising feature of the plots from the cold 
worked samples is their general similarity, despite 
the large recovery of the commercially pure alu- 
minium, and it appears that this method of analysis 
recovery until the recovery is 


is not sensitive to 


almost « omplete. 


Conclusions 


Che changes in line profile with cold work have 
been correlated with the changes in intensity and 
it is shown that some lattice defects such as disloca- 
tions must be present in the cold worked state. The 
presence ol broadening in the spectra ol the annealed 
of disloca- 


metals indicates that a smaller density, 


tions persists even after annealing. The differences 
in the apparent strains between the aluminium and 
may be interpreted entirely in 


wolfram spectra 


terms of the instantaneous recovery without neces- 


sitating either a different mechanism or dislocation 
density. Fourier analysis of the line shapes, confirms 
the above interpretations and indicates that the 
the 


postulated mechanisms of recovery, namely, 


migration of the dislocation into walls, is correct, 
at least for the later stages of recovery. 
The above interpretation, however, is basically 


dependent on the observed changes in background 
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level measured in the spectra of aluminium and 
wolfram, and although the theory is expected to 
apply generally the lack of experimental evidence as 
to the nature of the intensity changes in the spectra 


of other materials makes this uncertain. 
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APPLICATION OF NUCLEATION THEORY TO 
ISOTHERMAL MARTENSITE* 


J. C. FISHER 


classical nucleation theory is shown to agree quantitativel 


bservations of isothermal martensite formation in an iron-nickel-manganese alloy 
this alloy is described in terms of the nucleation and rapid growth 
g the rate-limiting process. 
\PPLICATION DE LA THEORIE CLASSIQUE DE LA GERMINATION ALA 
MARTENSITE ISOTHERME 


» de la germination décrite précédemment, parait étre en accord 
mentales de la formation isotherme de la martensite dans un 
sformation marter sitique dans cet alliage est décrite comme 

es paillettes; cette germination constitue le facteur limitant 


\NWENDUNG DER KEIMBILDUNGSTHEORIE AUF DIE ISOTHERME 
MARTENSIT TRANSFORMATION 
} lel ler lel 


truher be schriebene \usdeh ing de <lassische Keimbildungstheorie 


llen Beobachtunge isothermer Martensit ildu in einer 


n al 
istimmt. Die Martensit Transformation in dieser Legierung 
schnellem Keimwachstum diinner Plattchen beschriebe 


} 


schwindigk 


introduction In an alloy for which composition fluctuations are 


Completely isothermal formation of martensite unimportant in the nucleation of martensite (in 


hey contrast to iron-carbon allovs where fluctuations in 


has been reported by Cech and Hollomon. 7 


that the transformat ‘ate is limited by the carbon content largely control nucleation), the rate 


growth, which is very of homogeneous nucleation of martensite plates is 


quantative description ol > , * 

3 1 VV )v exp Af* 

icleation using a previously 

f classical nucleation theory. nuclei per cubic centimeter per second, where -V is 

aa Avogadro's number, V the molar volume, v an atom 

Theory 

of classical nucleation theory ? 

Equation (3) predicts a maximum in the rate of 
transformations considers the 

nucleation at the temperature where d7/dT = 0, or 

‘us to be lenticular, with radius ' 

where 


4 47 /Af,) d Af,/dT +1 = 0. 


includes the strain enerev of the 
parent phase [1]. According 

lree energy of formation oO! a \ccording to Jones and Pumphrey [2], the fre 

is made up of three terms; a energy change upon transforming the y phase to the 

volume Iree energy term, a phase ot an iron-ni kel alloy is 

5 AF CAH + 1.25(1 C)AF r- 

calories per mole where G is the atomi Ira tion Oo! 
| free energy 

ite interface, A/ 


- free energy change per unit volume accompany- 


nickel, AFy, is the free energy change upon trans- 
forming one mole of y iron to @ iron, and AH is 


2500 cal/mole. According to equations 4) and (5 
the austenit to martensite transtormation 1n 


ng t 


segs: and using the values of AFr, tabulated by Fisher 
the absence of strain energy, and the coefficient 6 


“aa [3], the maximum rate of martensite nucleation in a 
depends upon the elast constants of the parent 
: ; 26 per cent ni¢ kel, 74 per cent 1ron alloy occurs at 
147°K = — 126°C, 

Cech and Hollomon 4] have studied the isother- 


phase and the shear angle of the martensite plate. 
The saddk -point Af can be found by 


differentiating with respect to r and 6 and equating : ; é 
, .. . mal formation of martensite in a 23 per cent Ni, 
to zero. It the tree energy ot tormat! critical 
' 4 per cent Mn, 73 per cent Fe alloy for which the free 
> nucieus, 
energy changes are substantially the same as for a 


26 per cent Ni, 74 per cent Fe alloy. They find a 


familv of C-curves representing varying fractions of 
TUenera ectric - } 


Schenectady. New York austenite transformed to martensite, with the most 
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\ previously described extension of 
W th expe 
The mart 
ot th 
L’exte Sit de la théorie classique 
quantitatif avec les observations ex] 
illiage de fer ickel-manganeése. La 1 _ 
germinat et croissance rapide de 
la \ tess¢ 
I vird g 
Wud titat mit de pel 
Eisen-Nickel-Mangan Legierung tibere 
wird an Hand von Keimbildung un 
wobe e Keimbild g die Reakti Se eit bestimmt 
rate of nucleation ; and not by (ge 
rapid. This report 
sothermal martet 
\ simple extet 
te) rte! eite-tv1 
shape ol the nucle 
nd thickness 6. and 
plate and surround! 
to this view, the 
martensite nucieus 
surface free enerev 1 
nd strain enero’ 
1 A 21 
In this expressio! 
per unit ) 
Ss tne 


FISHER: 


rapid transformation rate at about — 128°C, within 
2°C of the calculated temperature. This observation 
strongly supports their statement that isothermal 
transformation in this alloy is the direct result of 
isothermal nucleation. 

The martensite nucleation rates can be estimated 
from the isothermal transformation curves given by 
Cech and Hollomon, if it is assumed that martensite 
plates compartmentalize the austenite, so that the 
nth plate to form transforms a constant fraction / of 

1/n)th of the remaining untransformed volume. 
Starting with a unit volume of austenite, let V be 
the volume transformed to martensite. Then 


(6 dV/dn = f(1— V)/n. 


Solving, 


fIn(a/no) = — In(1l — V 


where mo is the number of plates per unit volume 
present at the beginning of transformation. mo is 
essentially the number of austenite grains per unit 
volume. For a constant rate of nucleation, then, the 


effective number of nuclei (#7 ) + the true number) is 


af 
n(i — V) dt. 
e ) 


Substituting this value in equation (7) and solving 
for V, the relationship between volume transformed 
and time is 


9 V = 1 (1+ (1+ f)nt/n 


[his equation, fitted to an experimental curve, gives 
and #/no. When the grain size is known, 7 itsel! 


can be obtained. 


Estimation of Experimental Nucleation Rates 


Cech and Hollomon thirteen 


different 


give curves at 


temperatures for the volume traction of 


isothermal martensite |’ as a function of time 
Each of these was fit as well as possible with equation 
as disposable parameters. 


9), treating f and 7/nNp 


Figures 1-3 show typical experimental data points 
and fitted curves, one for the highest temperature 
investigated, — 79°C, one for the lowest, 196°C, 
and one for the temperature of most rapid transfor- 
mation, Figure 4 vives the best values ol 
and #/n9 determined in this way for all thirteen 
curves. 

Ideally, one would hope to find the values of / in 
Figure 4 all the same, or at most varying slowly and 
uniformly with temperature; and to find the major 
portion of the temperature variation of |)’ accounted 
This hope was not entirely 


varving trom 0.014 to 0.069, 


for by changes in 72/n 


realized, the values of 


ISOTHERMAL 


rTENSITE 


and showing a maximum at 
— 110°C. Values of 2/n 
variation, however, ranging from 0.034 at 


to 2.36 at 


a factor of about 5, 
about showed much more 
196° 
128°C, a factor of about 70, with a shar 
— 128°C. 


maximum at 


Except for the two highest temperatures, wher 
the original data were least reproducible, the values 
of f all are in the neighbourhood of 0.05, indicating 
that each martensite plate transforms about 5 pet 
cent of the partitioned volume in which it is nuclea 
the 


use of equation (9 probably should be exper ted: ior, 


ted. Variations in the values of calculated by 


among other things, the influence of the stress field 


iround a previously formed martensit 


plate 
‘ 
stimulating more rapid nucleation in its 
hood 5] has been neglected. In spite of the fact tha 
f did not turn out to be constant, it is likely that the 
corresponding \ ilues n/n are approximatels 
COFFSCL. 
Since the 


mean number 


unit volume in the allov was about 56,000 ¢ 


centimeter [4], the nucleation rate is ¢ 


cubi 


the relationship 
10 7 56,000 (72. 


Figure 5 gives log 7 versu 


wav from the values of 2/n 


Comparison with Experiment 


| quation 4) has clven the first opport 
comparison of theory and experiment. 
ture of maximum nucleation rate « 
from was found to be within 


128°¢ 


been derived 


mode 


Ove rsimplified 


product of (.V 
[he 
computed from equati 

Che 
nucleation r 


10 


pel 


only unknown 
value of 6 
ites by 


5.85 


4 } 
vel 
. 
or 9 | ~ 
iT¢ | ‘ 
nerimer 
\; +} f +} +} | 
or not ne nucte Ol rate O1Ve i) Cau | 
satisfactory, for the data Figure 5 are not dire 
experimental results but c 
partition of te | rte site n 
Lew! lg eq ( COTE | ( 
rate 
> 
= 10°exp[— 8192 7A 
he oethcient 10 
10 nd si 
l 
re tO Vive ( Sel 
culatiol rom ¢ lat 5 
LIT \ e } 
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of isothermal martensite 
\ Fractio transformed as a 


TRANSFORMED 


FRACTION 


| 


140 120 
TEMPERATURE IN 


120 160 

TIME IN MINUTES 
FiGURE 2. Formation of isothermal marte 1. Best values of f and # ny as functions of tem- 
ickel-manganese alloy. Frac for isothermal martensite nucleation, found by 
ime at according 


itting equation (9) to isothermal transformation data as in 


from equatior Figures 1-3 


rve calculated 
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28°C 
g | | 
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| 
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| 
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f time at 128°C 
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previously calculated for iron-carbon-3 per cent 


chromium steels [1]. The factor of five difference 
is not unreasonable in that it can be produced by a 
30 per cent change in each of @ and o. Taking the 
value 5.85(10)”° nucleation rates for 


for @°¢ the 


80 
TEMPERATURE IN ° 
iron 
Curve 


FiGURE 5. Comparison of nucleation rates take: 


Figure 4 (points) and calculated from equation (3a 


isothermal martensite nucleation were calculated 


and are compared with those derived from Cech and 


Hollomon’s data in Figure 5. 


3% TRANSFORMATION 


TEMPERATURE IN 


oe © ose 12 2.0 24 
LOG (Time N MINUTES 
FIGURI 
formation data 
and (9). 


6. Comparison of experimental isothermal trans- 
4) and curve calculated from equations (3 


RMAL MARTI 


5. MACHLIN, | and 


calculated and « Xp rimental 


that 


comparison of 


C-curves can be made. by each 


iSSUMINY 


martensite plate transtorms a constant traction ol 


the austenite volume in which it finds itself. Taking 
0.05 for this fraction, and 

and (9 
transtormat 


experimental 


using equations (3 


a C-curve was calculated for 


It IS 


? 
Or (Ja pel 


cent ion compared with the 


Summary 


C e¢ h ind Hollomon have isothern 


martensite transtormation in iron-nickel-man 


alloy 


proceeds by 


vanese They state that the transformatio1 


mal nuck 


isother 


tion and rapid growt!l 
of martensite plates, so that the 1 


Ne 


transtormation, [or 


te-limiting ste] 


nucleation nuclei are required to continue th 


martensite pDiat« does not 


bevond the istenite regio! 


nucleated. 


simpl 


neg 


theory to include he ettects ot elastic 


t has been shown that the experimental da 


sothermal formation of marten an be accounted 


for quantitatively. In_ the of making this 


process 


comparison, the rate of nucleation of martensite 


plates per unit volume of untransformed martensit« 


was deduced bv assum that martensite plates 


Ng 


compartmentalize the austenite as they form 


restricting the volume in which they can nucleate 
Phe only unknown quanfity in the expression for 
the absolute nucleation rate for martensite is 62¢ 


a function of the elastic constants of austenite. the 
and the 
When is set 


u its, 


shear angle of the martensite, austenite 
martensite intertacial free energy. 
the agreement 


The 


calculated earlier from the influence of carbon 


equal to 5.85(10)** in c.g.s 


shown in Figures 5 and 6 is obtained. value of 
A-a 
content on .\/, temperatures in a series of 3 per cent 
chromium steels is within a factor of 5 of this value, 
a reasonable agreement in view of the dissimilarity 


of the materials. 


References 


HoL_LLoMon, |. H 
185 (1949) 691 
and PUMPHREY, \W 
Inst., 163 (1949) 121 
FISHER, J]. C [rans. A.1.M.1 
$4. CecH, R. E. and 


|. FISHER, 


185 688 


HoL_Lomon, J]. H To be 


1949 
published 
lrans. 
Frans. A.] 


COHEN 19] 


1951) 746 


35 
EE curve in Figure 6 
( CXTeCNSIO ( SS1¢ IC QO! 
train enere 
2.4} 
| 
oo} | 
| 
| 
| 
€ 
| 
140 4 
| ire ind Stee 
eo} 1 
‘ 


THERMAL STABILIZATION OF AUSTENITE IN 
IRON-CARBON-NICKEL ALLOYS* 


E. R. MORGAN? and T. KOt 


Che thermal stabilization of austenite above and below /, during cooling and during isothermal 

holdit g has bee It has beet found that Wis depressed bv stabilization above \/ and 

the effect is reflected in ai in the amount of retained austentite when the steel is slowly 

reference temperature. The amount of martensite lost during stabilization may be 

sufficient further coolin \ mechanism of stabilization based on the concept of an 

he resistance to martensite formation has been suggested. In nickel steels, 
by tl of a Cottrell atmosphere around dislocations 


ised by the 


1 investigated 
crease 
juenched to a 
recovered by 
this increase 


formation 


LA STABILISATION THERMIQUE DE L’AUSTENITI 
FER-CARBONE-NICKEL 


DANS LES ALLIAGES 


thermique ce is de VM, lors du 
t et lors du maintien isotherme. I] a été constaté que .V/, est abaissé par stabilisation 
et l'effet se manifeste par un accroissement de la quantité d’austenite retenue quand 
l’acier tement trempeé J isqu'a une température de référence. La quantité de martensite pe rdue 
ndant la stabilisation, peut étre récupérée en refroidissant suffisamment par aprés. Un mécanisme 
accroissement de la résistance a la formation de la martensite 


| l’austenite a été investigue au-dessous et au-dess 
refroidisseme! 
iu-dessus de 

Cs 
cept 


de stabilisation basé sur le cot 


ns les acier nicke :. cet accroissement pourrait étre Ca isé par la formation d’ 1! 
‘ottrell autour des dislocations 

NGEN VON AUSTENIT IN 
KOHLENSTOFF-NICKEL LEGIERUNGEN 


\ustenit wird oberhalb und unterhalb JJ, (d.i. dic 
wihrend des Abkiihlungsvorganges beginnt 
Halteperioden untersucht. Es stellte sich heraus, dass \V, 
herabgedriickt wird; dieser Effekt zeigt sich in \nwach- 
\ustenits, wenn der Stahl langsam auf eine Bezugstemperatut 

durch hin- 


THERM 
EISEN 


ISCHE STABILISIERI 


g VOI lemperatur, 


wahrend der 


ranstormation 


nd isothermer 


g oberhalb von .\/ einem 

verbleibet de I 

ird. Der Marte: sit, der wahrend der Stabilisierung verloren geht, Kann 

tere Kiihlung werden. Ein Mechanismus fiir die Stabilisierung, det 

I] eines Anwat hsens des Widerstandes gegen die Marte sit Formation basiert, 

Dieses Anwac kann il Ni kelstahlen Z Bildung Vol Cottrell het 
Dislocations’) hervorgerufen werden. 


iriickgewonnen 


INTRODUCTION in two wavs:* (1) in terms of the increase, 6, in 


known that the progress of the the amount of retained austenite when the steel 


tustenite-martensite transformation can in- 
For Mat- 


1 showed tl il oil-hardening steels contain 


fluenced by the cooling instance, 


hews 
oil-quenched than 


retained lite when 


yhnen water-quenched. It has also been obs rved 


through the martensitic range is 


held 


-anstormation 


COOINL 


that if the 


interrupted ind the steel isothermally for a 


in period, does not neces- 


resume immediately when cooling is continued 


temperal ire lag, whi h 
steel is 
This 


known 


martensite when the 


ienched to fixed reterence temperature. 
phenomenon, fir ported by Gulyaev |2] 


as ‘‘stabilization of austenite.’’ However, the term 


‘‘+hermal!l Sst ibiliza 48 to be preferred in order to 
n thi id the retardin: 
citferentiat n his ana ne retardaimg 


{fect leformation on the martensit 


transformation, which may be led ‘‘mechanical 
stabilization.” 
be expressed 


is quenched to a reference temperature [3]; and 
(ii) in terms of the difference, 6, between the tempera- 
ture at which cooling is interrupted and that, 7), at 
which the martensitic transformation recommences 
when cooling is resumed [4]. 

The extent of stabilization, when the amount ot 
prior transformation is constant, has been found to 
increase progressively with time for tool steels [5 
high alloy [2; 6], 
steels [8-10]. 


The rate of stabilization increases with increasing 


low alloy [7] and plain carbon 


temperature [6; 11]. However, when the effect of 


temperature on the degree of stabilization is con- 


sidered, then for a given steel, holding at different 
temperatures introduces the complexity of different 
amounts of prior transformation. This complication 
has led the two principal investigations on stabiliza- 


tion to vield conflicting results [3; 4]. 


Petrosyan 4| indicated that stabilization occur- 


red throughout the transformation range, and that 


the amount of stabilization, in terms of 6, increased 


with decreasing holding temperature for a fixed time, 
passed through a maximum, then a minimum, and 


“The notation used in this paper is summarized in Table | 


Lie the sche Stabilisier 
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finally rose sharply with further decreasing tempera- 
ture. This is in contrast with 
[3] that @ 


decreasing temperature. 


Harris and Cohen's 


finding increases continuously with 


TABLE |] 


NOTATION 


martensite 


U% 
or Hg 


Percentage 


srine, oil Percentage martensite after brine 


mercury quenching 
Phe 


martensite 


temperature at which austenite and 


are in thermodynamic equil 
brium 

he temperature at which the martensitic 
transformation begins during cooling 
he temperature at which the martensitic 
transformation begins during brine 
mercury quenching 

The 
tion does not occur. 


| he 


isothermal 


temperature above which stabili 


holding temperature above 


stabilization is not detect 
he austenitizing temperature 

Che temperature of isothermal holding 
he reference temperature 

lhe temperature at which the martensitic 
transformation resumes after isothermal 
st bilization. 

The degree ol isothermal stabilization ll 
terms of the loss of martensite 

The degree ol isothermal stabilization il 
terms of the temperature lag before the 
martensitic transformation i.e 


which 


resumes, 


where 7 is the temperature at 


the cooling was interrupted for 


isothermal stabilization 


For a series of four steels containing 1.1 per cent 


of carbon and various amounts of chromium or 


and Cohen [3] 


ol 


nickel up to per cent, Harris 


found that the maximum amount stabilization 


was given by: 


= consranr. { — 
where 7), is the holding temperature and cg. is 


temperature above which no stabilization was 


detec ted, and 


a, = 0.57 (V/,) + 26°F. 


Depression ol part of the martensitic transforma- 


tion range has also been observed for iron-nickel 
allovs |12; 13] when the quench was interrupted and 
the temperature held constant. Partial transforma- 
has been 
14-19] to lower .\/, although in at 


[16] parameter measurements suggested 


tion in the lower bainite range, above 
found |11; least 
one ¢ 


that 


“ase 


there was no compositional change in the 


austenite. Moreover a lowering of J, was found 
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following holding lor periods 


transformation had ceased 
illovs h 


to 


bainite 


chromium high carbon ive been found to b 


Sensitive 


Irom 


cooling rates 20 


parti ularls 


certain rressed by reducing 


ises 


cooing rat Ing temper itt 


2. EXPERIMENTAL PROCEDURE 


2.1 Materials Used 


\ series of alloys cont ig from 


cent carbon and 0 to 10 per cent nickel have 


investigated. illoys except commercial « 


steel were melted under argon tron ele trol, tic 1ron 


arbonv! nickel and = carbon. Chemical 


ndicated that there was no longitudinal s 
ind 

subsequent 
the alloys 


allovs contained a small 


gvrega 


in the chill-cast Ingots the radial Ores 


SE 4 
homogenization 
Table 


Impurits 


was removed by 


compositions « shown in 


he 
ind a ty pic al analy 
Si, 


of 
sis is: 0.04 per cent Mn, 0.07 pe 


amount 


cent 0.020 per cent 5S ind 0.020 per cent P. 


Alloy 


10¢ 
10¢ 


LOCION 
1I2C2N 
I3C5N 


The ngots homogenized for eight hours at 1100°¢ 
2010°1 and 
forged 4: and the cent: il portions of tl 


bars were further 1150° 2100°} 


under argon plated, 


1 reduction 
homog¢ 
intil test samples showed no signs of hetet 
ich 


18 hours, 


hu 


The bars were ground between e st 
it 475°C 


in 


innealing 887°F) for 


to diamete ind 
| 


Surtace 


eround 


discs were stored 


| he 


discs 
prevent rusting 
ensured that 
parallel to the 
nd te mperati 


produc ed 1 


2.2 Austenitizing and Quenching 


\ high austenitizing te 


I 
obtained by Sheehan, 


21) indi 


there 


results 
ite that in cert 
CV pe 


| possibilit. ol 


0.9 to 1.3 pet 


irbon 


ter the sothermal 
Lhe 
VW, (Brine, oil 
or Hg 
it1ol 
> Phe 
la 
Th 
4 I) 
PABLE I] 
T's 
CHEMICAL ANALYSES OF M RIALS USED 
Per cent ( Per cent N 
1 Ol race 
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the anneal betore machining. In order to avoid 
either carburization or decarburization of specimens, 
\ustenitizing was carried out in a modified salt bath, 
which was neutral to 1.1 per cent alloys at 1100°C 
2010°1 


this temperature. 


le specimens were austenitized a 
All tl | tenitized at 


he specimens were suitably mounted on a wire 
into the 
The 


equipment Was so arranged that the transference of 


to avoid contamination and _ lowered 


quenching media in a_ horizontal position, 


specimens trom the austenitizing furnace to the 
quenching bath and from the quenching bath to the 


tempering bath could be made in less than 2 seconds. 


| he 


medium tor 10 seconds beyond t 


retained in the quenching 


he time required to 


specimens were 


reach steady temperature in that medium. For 


quenching below 0°C the maximum quenching rate 


is obtained by quenching into brine at 


followed immediately by refrigeration. 


Cooling rates in all the media were determined at 


selected temperatures by ‘ans a standard 
specimen on to which were welded thermocouple 
elements, one on each flat side of the specimen. For 
measurement of the quenching rate in mercury, an 
insulated alumel wire was sealed into the specimen 
while a chromel wire was welded to one flat face. The 
cooling curves for brine showed that there was a 
ditterence of 1/40 


required to cool through the range 


second in the respective times 
400—350°C in 
these two arrangements. 


Figure 1 illustrates, for saturated brine, the effect 
raising the quenching bath temperature upon the 
temperature of the 
73.4°1 
150.8°1 


when the 


uenching ethcienc’ 
There is a 


. This effec a 


medium is raised from 
marked talling off above 66°C 
s will be seen later, is reflected in the progress of 
transformation as determined by 


to brin 


the martensitt 


juenching Similar quenching curves are 


the quenching bath tem- 


0.500 j diameter 0.125 
m 1100°C (2012° to brine 
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shown in Figure 2 where mercury is the quenching 
medium. In this case there is a smooth change in the 
quenching efficiency of mercury as the bath tempera- 


ture is raised. 


FIGURE 2 The eftect of the quer hing bath tem- 
perature upon the cooling rate of 0.500 in. diameter 0.125 i 


thick steel discs quent hed from 1100°C (2012°F) into mercury 


raisins 
ralsing 


2.3 Estimation of the Amount of Martensite 


The 


macroscopic heterogeneity and for carburization or 


individual specimens were examined for 
decarburization at the edges after heat-treatment. 
The actual surface examined was exposed by the 
removal of 0.025 in. from one flat surface. No speci- 
men was accepted if it showed any heterogeneity. 

Phe 


counting after tempering for 30 seconds at 300°C 


(5727 a 


amount of martensite was estimated by 


time and temperature established as 
satisfactory for the present alloys. Specimens in a 
few series were tempered at other temperatures, as 
indicated on the diagrams. The reproducibility from 
specimen to specimen was of the order of + 1.5 per 
cent martensite. All results for individual specimens 
had a 95 per cent probability of an error not more 
than + 1.5 per cent. The etchant used was 4 per 
nital with the addition of 1 cent cety| 


cent per 


dimethyl benzvl ammonium chloride 
3. EXPERIMENTAL RESULTS 
3.1 Transformation Curves 


Curves indicating the progress of transformation 
curves 


These show that: 


are given in Figures 3 to 10 inclusive. 


1ON 


quenching 


i) For the allovs studied except 10¢ and 


1i3C5N, M, 1s 


medium used, an indication that the rate of cooling 


dependent upon the 


through the austenitic range must have an effect 


upon the martensitic transformation. 

ii) Foragiven alloy the results from an individual 
quenching medium lie on a smooth curve, but the 
media do not coincide 


curves for the different 


— 
| 
| | 
] 

FiGuRE |. The effect of rainy 
erature upo the cooling rate 

thick steel discs quenched fro 
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However, the amount of martensite in the mercury- 


that in_ brine- 


quenched specimens when the temperature of the 


quenched specimens approached 
quenching medium was sufficiently low. 


both 


mercury- and oil-quenched specimens is linearly 


iil) The amount of martensite formed in 


related to temperature from .\/, to about 70 per cent 
of martensite, except in the case of the mercury- 


quenched alloy 12C2N 8 


is linear up to about 50 per cent martensite. In the 


Fig. for which the curve 
case of brine quenching there is a divergence from 
linearity above 70°C (158°F) which becomes more 


marked as. the temperature rises, undoubtedly 
owing to the rapid lowering of the quenching power 
of the brine. There is no evidence of departure from 
linearity of the ./—T curves near \/,, as reported by 
many other workers who used commercial steels. 

M-T 
contents higher than 85 per cent, and the transforma- 
— 195°C ( — 315°F). The 
at temperature 


tO 17 


iv) The curves tail off at martensite 


tion is not complete at 


amount of retained austenite this 


varies from about two per cent for alloy 10¢ 
per cent for alloy 13C5N. 

The fact that there is a depression of .J/, during 
oil quenching, compared with the .1/, for a more 
rapid quench, was verified in the following manner: 
A specimen of alloy 10C5N was quenched in oil to 
72°C (161.6°F), which M 
M, (brine). Examination after tempering showed no 


dark When _ this 


re-austenitized and brine-quenched to 74°C 


lies between (oil) and 


martensite. same specimen 


165.2° 


Was 
F) it contained 14 per cent of martensite, a value 
corresponding to that of a specimen used only once. 

Grange [22] has pointed out that tailing-off of the 
M-T M 
banding and is smaller with laboratory melts where 


to 


curves near increases with increasing 


care has been taken reduce the segregation. 


During the preparation of alloys for the present 
work, special precautions were taken to minimize 
elements and_ this 


the segregation of alloving 


probably accounts for the resultant 


M 


\lloy 10C2N has a mixed grain size, as shown in 


curves 


being linear trom 


Figure 11, the majority of the grains conforming to 
the range ASTM No. 5 to 6, but there are occasional 
large grains which have an effective size of ASTM 
No. 0 to — 1. The cause of the formation of the mixed 
erain size is not clear. Actual counting showed that 
the grain size had no effect upon the progress of the 
transformation. Grange and Stewart [23], who deter- 
mined the M of a 0.65 per cent carbon steel, also 
the r 


found that grain size variation, within ange 
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\STM No. 6 to 2, had no effect on the progress ol 


the martensitic transformation 


S 


2012°I | mercury qué 


FIGURI 
1 100°C 
60 


pe LOC2N 
3.2 Thermal Stabilization 
3.21 


| he 


these alloys depend on the quenching medium used 


observation that. th temperatures 


indicates that certain changes which take place 


during quenching affect the martensitic transforma- 


is 


tion. This ditference in 17, must contribute signif 


cantly towards the difference in retained austenite 
in the brine- and oil-quenched specimens. 


quenching into different med 


Moreover, the present 7 curves produced b 


were not paralle l, 


and the difference was largest at about 70°C (158° 


The decreasing divergence below 70°C 


+1 


n alloy 


De partly iccounted 
10¢ aN. and 


However, in 


carbon steel. | the 


the 


martensite col 


nig 
nd 12C 2N there is 
158°] 


{f the curves al 


tllovs 10C5N 


in divergence below 70° 


ST] 
decrease , where is 
iring quenching beet 
Harris and 


expe ted 


had significant stabilization d 


be low is Ss vested by 


al ix 
he 


as the quene 


occurring 


Cohen [3], t divergence 


. 
increase nil iture decre ised, si 


| lineat the curves 


amounts ol 


one as the portiol nly ol 


considered Suggests the difference 


tween the ret istenite found atte 


oil and water quenching to ime temperature 


coolit 


an ibove 


due mainly to 


is so, the d flerence betwee! ol 


1 1 


produced by quenching nd brine must be 


maximum when the nedia are he 


quenchi 


ipproximately 70 158°] Comparison ol 


cooling curves in Figure 


12 shows that there is 


marked ditterence between the cooling 


ANGAK 
158°] 
s 10C, 10CIN 
no}! 
earit 
ould be 
rates pr 
4 
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FIGURE 12. Cool I of a steel specime 
liameter and 0.1251 


at 75°C (167°F 


saturated brine, n 


and oil quenching into the respective 


/ 


duced by brine 
media held at 75°C (167°F). Moreover, comparison 
of the cooling curves for brine and mercury held at 
75°C (167° 
by quenching into brine is the greater only below 
650°C (1200°! 


quenching into brine held at 75°C (167°F 


shows that the cooling rate achieved 
ipproximatels Consequently, as 
produces 
more martensite than quenching into mercury held 
Figs. 4, 5 and 8) the 
must 650°C 


it the same temperature 


process oO! st ibilization occur below 


1200°F 


i) Effects of coo ing rate above \ Che effects of 


Vary ing the « ooling rate above ./. on the amount ol 
retained austenite were investigated by quenching 
specimens at various rates through different ranges. 
Tables ITI and IV. 


» results are shown in 


TABLE III 
at 300°C 


572°F) for 30 se 


Per cent Coolin 


martensite procedure 


12 Mert 
110°C 


tor 65 mil 


iry-quenched to 

230°F ) and held 
before brine 
to 73°C 


saturated brine 


juenching 
Direct 
Salt - quenched 
155°C (311°F) and 
cooled to 20°C 

Direct oil quen¢ h 


P20 
155°C 


nched Lo 


20) ¢ Salt-quenched to 


ind brine que 


20°¢ 


stabilization 
(761°F) and 310°C 


stabilization is 


hese results clearly show that was 


occurring rapidly between 405°C 


590°F) because the amount of 


independent of the cooling rate above the first 


only slightly dependent below 


temperature, 
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310°C (590°F). This means that there is a tempera- 
stabilization cannot occur. 
(590°F) and 405°C (761°F 
for the alloy 10C5N. The progress of transformation 


ture, So, above which 


It lies between 310°C 


below .\/, was virtually independent of cooling rate 


below 155°C (311°F in the carbon steel. 


TABLE I\ 
\LLoy 
temperature 22°C (71.671 


Referenc e 


Per cent 


martensite Cooling procedure 


held 


Quen hed into lead bath at 405°C (761°F 


30 seconds and then 
brine que hed to reference temper. 
oil-quenched to reference temperatut 
air-cooled to reference temperature 
hed into lead—tin eutectic alloy 
590°} 


brine-quenched te 


held 30 sec onds and the: 
reference temper. 
oil-quenc hed to reference temperatu 
( air-cooled to reference temperature 


alloy 


and held 15 minutes and ther 


hed into lead-tin eutecti 200 


392°F 
brine-q ienched to reference temper. 


11-q enched to reterence 


] temperat 


Quenched into lead—tin eutectic alloy 200 ¢ 


392°F ) held 30 seconds and then brine-qu 


to reterence 


*1 hed 
temperature 
« hed to rete 


Brine-que temperatur 


Oil-que ched to refere temperature 


ii) Isothermal stabilization above \M/,. It was thus 
due to a 
ettect 405°C 


. The rate of this process was then measured 


shown that the depression of 7, was 


stabilization which occurred below 
(761°F 
by holding specimens of alloy 10C5N isothermally at 
different temperatures. Since the previous results 


had 


stabilization would occur during slow direct quench- 


and cooling curves shown that complete 
ing to these holding temperatures, the specimens 
were quenched to a lower temperature and immed- 
iately heated to the required holding temperatures. 

Specimens of allov 10C5N were mercury -quenched 
to 120°C (248°F raised to 202° 
(395.6°F 4°F), for 


periods of between 0 and 195 minutes and then 


and immediately 
280°C 


and (536°F 


quenched in brine to a_ reference 
75°C (167°F 
was begun at the time at which the specimen was 


temperature ol 


Measurement of the holding period 


estimated to be at steady temperature as shown by 
cooling curves. 

The results are given in Figures 13 and 14, and it 
M,, 
at the 


is evident that the depression ol calculated 


from the amount of martensite lost reference 


temperature due to the isothermal holding, in- 


$2 
! 
~ 
60 iture 
ol 
17 
tr 310° ¢ 
52 ature 
50 re 
17 
51 re 
’ 60 
Specimens tempered 
a 
80° 163.471 
72°¢ 14 
Carbon Stee 20 ¢ SS to 
™ 140° 
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12C2N 
similar tests showed that a 4°C (7°F) depression in 
M, could 20 200°C 
(392°F) and further holding up to 65 minutes did 
not produce any significant further depression. 


creases with increasing time. For alloy 


be achieved in minutes at 


Accurate measurements of activation energy for 
stabilization are in progress; preliminary estimates 
vield an approximate value of 30,000 cal. per mole. 
Consequently if this process is occurring at tempera- 
tures up to 400°C (752°F 


given 


it will occur at the rates 


mw: 


Time required for OG (1171 


lfemperature 
2 depression of M, of allov 10C5N 


| 
38 seconds 
14 

4.6 

1.6 

0.0 

0.25 


707 
752 


400 


Figures 13 and 14, it that the 


rate of stabilization depends upon the amount 


is apparent 


ol 


stabilization that has already occurred, the process 


becoming slower as it progresses In allov 10C5N, 


ALLOY 
ioc 


M, 


SN 


DEPRESSION OF 


4 


3 35 


OF ISOTHERMAL HOLDING 


TIME (HOURS) 


Figure 13. Isothermal stabilization of alloy 


202°C (395.6°F 


! 
20 ac 


TIME (SECONDS) OF ISOTHERMAL HOLDING 


thermal stabilization o 
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the maximum difference between the amounts of 


martensite produced in brine and oil quenching is of 


> 


the order of 20 per cent (depression of 20°C or 36°F 
The data given above for the time required to give a 


6°C (11°) M 


portions of the process ; it is to be expec ted that the 


depression of to the later 


apply 


tull 20 per cent stabilization occurs in less than three 


times the values quoted for the 6% depression 
and 


he 


the 


Comparison with the times required for oil- 


brine-quenched specimens to through t 


Pass 


various r ‘Ss ol indicates that 


ange 


temperature 


stabilization must have begun 


to 400°C 


the temperature 
Che 2 
loss of martensite is the integrated result of stabiliza 
lhe Fig 
ures 13 and 14 thus represent the continuation of th 
had 


initial mercury quenching before the temperature 


‘ange 375 107°-752°1 () per cent 


tion during quenching values plotted in 


stabilization which alread, occurred during 


was raised for isothermal stabilization tests 


lsotnerma 


\lthough the described the 
previous sections clearly 


the 


in the martensitic range 


experiments 


show that the difference i 


amount of martensite at given temperature 


is due mainly to a process 
] 


taking pl \/ 


ibove 
is held 


ice stabilization can still occur 


if the steel below sufficient time 


ior a 


Investigations were, therefore, made 


phenomenon 
10¢ 


SN, 12C2N. When the 


different 


1) Carbon steel, alloy 
holding 


arbon steel Was 


quenched 


temperatures between 130°C 266°! ind 


68°] isothermally held for 30 minutes 


brine-quenched to relerence temperature 


1 was observed until a 
Che 


sing holding tempet 


68°F), no stabilization 


temperature o, was reached imount of 


stabilized increased with decrea 


to a maximum and then decreased un wher 


M—I 


to those 


he ( 


(Cohen 


the 


is similar 


is inter epted 
by 


normal curve W urve 


Harris and 3 


their Fig. 9 However, when the amounts of 


al 
5°] 


specimens 


examined reference 


31 


were 
193°( 


martensite tempera 


ture ol no ditference W 


the 
20°C 


the ' 


observed between the In other words, 


{ ] 


++ tor / 


emect ¢ 


ind 20° 


stabilization betweet 


had been complete removed 


cooling to 315°] 


Results obtained with series Of retel ten 


peratures for a given holding temperature show! 


15 and 16. | 


quenching in 12 per cent 


ure 15 shows 


brin 


30 minutes 


in Figures 


hold ng there lor 


) 
| 
6 
4— 
T- = 75 C 
| | 
2+ 
20° 
iste te 
at 
| 
| ALLOY 
J 
| 
A 
C 50 60 | 
Figure 14. [so allov at 280°¢ 
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MARTENSIT 


URY 


QUE NCHING 


PERCENTAGE 


TEMPERED aT 
350°C FOR 


20 SECONC 


au ilized 1 Cal 
ce temperatures <¢ r isothermal 


L58°F 


until it cooled to 


109°F). When cooled below this temperature 


was completely stabilized 
43° 
the austenite continued to transform but at 


which 


curve obtained from direct quenching in 12 per cent 


Was 


was greater than that shown by the 


until at the reference temperature of 20°C 


68°F), the effect of 


prine, 


stabilization had almost been 


removed. That the effect of stabilization al be 


completely removed has also been observed in 
Krupp steels with more than 0.9 per cent carbon 
24]. Thus it is evident that the amount of stabiliza- 
ion observed depends upon the relerence tem pera- 
ure used; so does the temperature o, above which 


no stabilization is observed at a given reference 
temperature. Figure 16 in which the effect of holding 
70°C (158°) together with that for a 


127.4°] 


the fact that the temperature at which the maximum 


is shown, 


holding temperature ol 53° illustrates 


‘amount of stabilization is observed is affected by the 
holding temperature. Similar results were obtained 
with 


| 


specimens of the carbon steel quenched into 


1953 


saturated brine, and with alloys 10C5N and 10C2N 
(Figs. 17-20 
For 


below J/, it is 


a determination of the rate of stabilization 


necessary to maintain a constant 


martensite content, as it is known that stabilization 
depends on the degree of prior martensitic transfor- 
mation [3]. 

10C5N were, therefore, first 
109.4°F 
37 per cent of martensite. They were then isother- 
at 43°C 


before quenching to 


Specimens of alloy 
brine-quenched to 43°C which produced 
mally stabilized for different periods 
109.4°F) or 74°C (165.2°F 
22°C (71.6°F). A reference temperature of 22°C was 
had 


enough to allow up to 20 per cent stabilization to be 


selected because this been shown to be low 


measured and yet high enough to prevent the 


transformation below 7 from removing an observ- 


able The 


austenite is limited to 20 per cent by the choice of 


effect. maximum increase of retained 


reference temperature. Before the maximum amount 


is reached, the degree ol stabilization int reases W ith 
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AU STENITE 


DIRECT 
SATURATED BRINE 


MAR TEN SITE 


AFTER HOLDING 
AT 386°C FOR 
24 HOURS 


PERCENTAGE 


PERCENTAGE 


TEMPERED AT 
330°C FOR 


30 SECONDS 


-20 ° 


TEMPERATURE 


on 


FiGURE 19. Martensite 
IOCSN during normal 
100.4°F) for 24 hours. 


tra 


que cn 


sformatio 


d 


increasing time, the time required for it to reach a 
of 12 


minutes at 


5 


minute and 7 
43°C (109.4°] 
) 


minutes 


cent being one 
74°C (165.2°F) and 
At 74°C (165.2°F 
required to give 20 per cent stabilization. 
13C5N. 
were brine quenched to 50°C 
24 


temperature ol 


value per 


respec tively. were 


alloy 13¢ SN 
and held for 
the 


Spec imens of 
122°F 


cooling 


ii) Alloy 


hours before to reference 
22°C (71.6°F). In 


observable stabilization. 


0.5 


to 


no ¢ was there 


Asc 


Harris and Cohen [3] had suggested that isother- 
if the steel w 


\ccordinge|l 


35.6°1 


mal stabilization could occur only iS 


betore holding. 


first cooled below o 
specimens were quenched to 2°C 


in Harris and Cohen's equation, is 36°C or 96.8°] 
and then held at temperatures above and below 36° 
Che ol 


temperature ol 


it a relerence 


stabilized 
32.8°F 


austenite 
36°( 


imounts 
were as follows 


stabil 


\ustenite 
it 


Holding 
time 


\linutes 


Holding 


perature zed 36 


per ¢ ent 


) 


ipparently isotherm 


| here 


is 


stabilization in alloy treatment 


It is inlikely that the Lustenite h id been completel 


view Ol the 


removed at the reference temperature 
little difference betwee 


also 


was 
M 


possible that only a 


fact that there 


lJ. (brine) and oil) for allovs, it \ 


small amount of isothermal 


st ibilization could be observed, il ‘ast wher 


martensite content was below 30 per cent 


The present findings agree with Harris 


\BILIZATION 
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conclusion there 
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experimental conditior 
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It 
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lhe following theories of stabilization have been 
previously proposed : 

Stress relaxation theory. Various authors 
26-28] have proposed that isothermal stabilization 
occurs bv relaxation of stresses. Orowan suggested 
29| that the stresses around one martensite plate 
issist in the formation of other plates in the vicinity. 
Such relaxation would probably cause stabilization 
n those alloys, such as In-T] [30], in which marten- 
alternating shears. 


However, in austenite, martensite plates do not 


sitic transformation proceeds by 


Iways form in the vicinity of previous plates, so 
that stabilization would not be exper ted to prevent 
ompletely the subsequent transformation. 

ii) Composition change theory. Fisher, Hollomon 


ind Turnbull [31] suggest that austenite regions of 
statistically low carbon content, at the austenitizing 
nuclei at .V/ 
retained during the quench. Fisher 32 


that 


carbon from the carbon poor regions, now in the form 


temperature, act as when they are 


suggests 


stabilization may be due to a migration of 


of ferrite, to the surrounding austenite, thereby 


lowering the temperature at which the austenite can 
This 


follow ing reasons: (dad 


transitorm. theory is unacceptable for the 
A stabilization effect of as much 
in a 


is 20°C depression in 17, has been observed 


1.0 per cent carbon alloy. This depression would be 


equivalent to an increase of about 0.1 per cent 
carbon in the austenite. Results obtained in investi- 
gations on bainite formation show no indication that 
there was any change in composition of this magni- 
It should 


not be possible to remove the effect of stabilization 


tude prior to the formation of bainite. (d 


if this was due to an increase in the carbon content of 
austenite. Furthermore, the slope of the ./—T curves 
should be smaller than that of the unstabilized 
austenite. These are « ontrary to the present observa- 
tions. 

iii) Exhaustion of nuclei theory. Most of the 
recent theories of martensite transformation [31-35] 
depict that the temperature dependence of athermal 
martensite formation is the consequence of exhaus- 
tion of nuclei, which have a statistical distribution 
in size. Each nucleus grows to full length controlled 
by the boundaries of the austenitic regions and to a 
thickness determined by strain considerations. The 
stabilization could be due to some effect upon the 
nuclei of martensite plates either by relaxation [35] 
or by a redistribution of embryos due to statistical 


fluctuations [34]. The second possibility is unlikely 


because it has been found that there is an upper 


limit for stabilization, So, and Cohen and his co- 
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workers (36) have also shown that the progress of 
martensite transformation in a nickel-iron is insensi- 
tive to the prequenching temperature in the austenite 
range. 

The progress of martensitic transformation is not 
necessarily controlled by the exhaustion of nuclei, as 
can be seen from the following considerations: 

a) In the case of an Au-Cd allov containing 47.5 
atomic per cent of Cd (27), the transformation from 
a single crystal of the high temperature phase to a 
single crystal of the low temperature phase occurs 
by the movement of a single interface and is tem- 
perature dependent. Stabilization has been observed 
in this single-interface transformation. 

b) Kurdjumov and his coworker [37] have 
reported that, in a Cu-Al-Ni alloy, the martensitic 
transformation was reversible without any hystersis 
ditierent set of 


the 


in the martensitic range, and a 


martensite crystals was obtained only when 
allov had been reheated to above JJ, and cooled. 
(c) When both coarse and fine grains are present, 
it is to be expected from the exhaustion theory that 
the same number of nuclei will be available, so that, 


as the plates in the small grains are shorter and 
thinner, less martensite should form. According to 
Fisher and his coworkers [31] a difference of about 
15 per cent is expected when the austenitic grain size 
varies from ASTM No. 6 to No. 0. In fact, the same 
volume percentage of martensite (+ 1.5 per cent 
has been obtained at the same temperature in the 
present work, and there is no indication in the 
literature that austenite grains of vastly different 
sizes give appreciably different amounts of marten- 
site, although ./, may be slightly affected owing to 
the additional constraint in fine-grained materials. 

An alternative point of view which is qualitatively 
satisfactory and worthy of consideration is that the 
progress of the transformation is partly controlled 
by the resistance offered by the matrix to the 
growth of the new crystals. 

This resistance is important in the case of shear 
transformations in which the rate of growth is 
relatively high so that thermal agitation plays a less 
important part in overcoming the resistance. A 
more detailed description of this concept will be 
given elsewhere; it is sufficient to mention here the 
following points. The growth of martensite can be 
the 


interface consisting of a set of fractional dislocations 


viewed as taking place by movement of an 


[38]. The movement of these dislocations will be 
impeded by the presence of obstacles, such as other 
dislocations in the When 


parent phase. plastic 
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deformation takes place in the austenite during the 
formation of martensite, more dislocations will be 
generated, and additional driving force must be 
provided before more martensite can form. This 
offers an explanation for the temperature depen- 
dence of the transformation and also for the pheno- 
menon of mechanical stabilization. 

The thermal stabilization can then be caused by an 
increase in the resistance of austenite to the growth 
of martensite due to the formation of carbon clusters 
during slow quenching or during isothermal holding. 
The suggestion that carbon may be responsible for 
stabilization in steels is consistent with the prelimi- 
nary estimate of the activation energy for stabiliza- 
tion. The present value of about 30,000 cal. per mole 
is of the same order of magnitude as the value of the 
activation energy for the diffusion of carbon in 
austenite free from martensite. 

Che 


within the matrix austenite. In steels which contain 
that 


carbon grouping could occur anywhere 


no carbide-forming elements, it is more likely 
at dislocations by forming Cottrell atmos- 


stabilization to take place should be that required 


it occurs 


pheres. this is correct, the time required tor 


a distance greater than 


that 


for carbon atoms to move 


that between carbon atoms but smaller than 


between dislocations. The diffusion constant A» and 
activation energy Q for carbon diffusion at 5 atomic 
per cent carbon have been given by Wells, Batz and 
Mehl [39] as 0.1 cm? sec. 
respectively. If it is assumed that these data remain 
the 200-400°C (390 
the length of diffusion path at these tem- 
At 280°C (536°! 


the time required for stabiliza- 


and 30.000 cal. per mole 


valid in 


750°F), 


temperature range 


peratures can be estimated. 
D ~10 
tion the order of 
\/ (Dt) or 10 


order of magnitude required by the mechanism. 


is ol 100 seconds, therefore x = 


to 10-®em., which seems of the right 
The formation of a Cottrell atmosphere around 
loss ol 


and producing isothermal stabilization, the driving 


dislocations will not result in a permanent 


martensite. On cooling to 7, after holding at 


force for the transformation will have increased 
sufficiently to overcome the extra resistance and the 
first martensite plates will form. The formation of 
these plates will result in plastic deformation of the 
austenite matrix and some of the dislocations will 
be moved away from their anchoring carbon groups. 
As long as rapid cooling is continued, these released 


dislocations will remain free. The lower resistance 


together with the increased driving force will enable 


the resumed transformation to proceed at a greater 


AUSTI 


\BILIZATION NITE 
rate, and the effect of stabilization will eventually be 
removed. 

The concentration of carbon atoms in a disloca- 
tion will decrease with increasing temperature until 
that 


becomes small 


Che 
higher the « 
alloy ol 


there should be a 


it sO 


at the temperature 
cannot 


the 


stabilization occur. temperature 


should be higher, irbon content. 


Thus in the present S higher nickel and 


carbon contents, marked increase 
in the rate of stabilization during quenching owing 
» in the r ol diffusion oO 


and 


40 
possible explanation for the fact that .1/ 


because 


an increase in 


carbon in the presence of nickel his offers 
and 
LOCION and 13C5N, 


markedl 


brine 
are similar in the alloy 
depressed .\/ 


oil 


brine will represent 
Furthermore, since the completeness 


ith 


maximum degree ol 


of an atmosphere will increase w decreasing 


temperature, stabilization 
will 
although this maximum effect may 
by a ol 


owing to the low r 


also in rease with dec reasin temperature, 


not be obtained 


limited time ageing at low 


temperatures 


ite Ol diffusion 


SUMMARY AND CONCLUSIONS 


5. 


stabilization of 


| he 


during 


phenomenon of austenite 


continuous cooling and during isothermal 


holding above and below .\/, has been studied. Using 


has 


pel 


materials, it 
ibout 1 


specially selec ted homogeneous 


been shown that, for steels containing 
cent carbon and 0-5 per cent ni kel 
of austenite occurs during 


The 


the composition ol 


(i) Stabilization 


IS©O)- 


thermal holding above and below rate 


stabilization varies with the 


austenite, increases with increasing temperature and 


the 


is greatly increased by presence of martensite 
V/ 
sion of ./, and increases the amount of 
reference temperature near / 


the 


ii) The stabilization above causes a depres 


austenite 


(11) The difference in amounts of retained 


austenite in a steel quenched at various rates is 


chiefly due to stabilization above 7, during quench 
ing. 


iv) The amount of martensite lost due to ather 


mal and isothermal stabilization can be recovered b 


quenching to a sufficiently low temperature 


It is suggested that stabilization is caused by an 


increase in the resistance of austenite to martensite 


* Note added in 
the authors (T.K 
other factors can be 
nickel contents i 
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oworkers 11 
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preventing the ol 
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PLASTIC DEFORMATION OF ALPHA-URANIU! 
TWINNING AND SLIP* 


R. W. CAHN? 


Data on the crystallography of twinning, slip and ki i 
single crystals, very coarse grained uranium was used for the experime 
design of X-ray camera The techniques, some of them ew, ised for find 
kink band planes, the slip directions and the directions and magnitudes of 
fully set out. A discussion follows of the observed intersections of twins 
confirmation of twin directions. The principal slip plane is (010), the slip dir 
bands are normal to [100]. }110! isa subsidiary slip plane. The twinni 
One of the four observed twin types is of the “second kind 1. 
rational twinning direction); it is the only one of its kind hitherto obser 
on the influence of the temperature on slip and twinni on the effect of a 


the pseudo- leavage sometimes associated with twins I set forth The obser 


i relation to the crystal structure of uranium; in parti the probable atomic mot 


ire derived graphically 


LA DEFORMATION PLASTIQUE DE L’URANIUM ALPH 


Des resultats sur la cristallographie du maclage, glissement et | ing dans | a 


données. A défaut de monocristaux, de l’'uranium a tr r rai n méme temps q ippareil A 
ravonus X de nouvelle conception ont été employés da tal 

iouvelle Ss employées po découvrit le pla de 

ments de maclage sont complétement décrites. | 

et leur application pour confirmer les directions de mac t in principal de glissen 
010), la direction de glissement [100], et les bandes de kinki t normal 100}. } 110 

plan de glissement auxiliaire. Les éléments de maclag d 
de Mat le trouveés, esl de seco ide espece (seco d l d 
dans 
fl 
maclage, sur l’effet du recuit sur les macles et sur le 


mat lage Les observations sont discutées en relatio 


et une direction de macle rationnelle; c’est le seu 


dans un métal. Des observations sont faites sur 


particulier, le mouvement probable des atomes lors d 


PLASTISCHE VERFORMUNG VON Al 


Die Kristallographie der Zwillingsbildung, der Gleitung d 
Da keine Einkristalle zur Verfiigung standen, wurde sehr grobkri 
benutzt, in denen auc h eine neu-entwickelte R61 tgenkamera \ 
einige davon neu, die zur Bestimmung der Gleit d Zwillingse 
ingewandt wurden, werden in Ejinzelheiten beschriebe 
beobac htete S« hnitt der Zwillingskristalle und set e Anwe 
diskutiert. Die Hauptgleitebene ist (010), die Gleitrichtung {100 
zu {100). Die Zwillingsebenen und -achsen sind zusammengest 
Zwillinge ist zweiter Art (d.h.mit einer irrationalen Zwillingsebe 
achse Dies ist der bisher einzige Fall Vol Zwilli gen zweiter 
tungen berichtet tibet den Einfluss der lemper itur auf die Gleit v 
Einfluss von Gliihbehandlung auf Zwillingskristalle und tiber die Pseudospalt 
der Zwillingsbildung verbunden ist. Die Beobacht in Beziehu 
des Urans diskutiert, und die wahrscheinliche Bew ing der Atome wihre 
wird graphisch abgeleitet 


TWINNING AND SLIP IN a-URANIUM 


nature of deformation ina m« 


11 
] 


ind structure. a-uranium, the allotropi 


Introduction 
metal stable ip to 6/0°C, is such a metal, 

\fter decades of research, the crystallographi paper gives an account of a yy of its deformation 
echanisms of the deformation of metals are now  ¢rystallography. No attention w ‘ven to the othe: 
fairly well understood. Experiments have, however, allotropic forms of uranium, because it pure 
been largely restricted to structures of high sym- metal these cannot be stabilised at room tempera 
metry—cubic, hexagonal and trigonal; even so, ture. Recently Holden [1] has published a stud) 
the difference in plastic behaviour of metals belong slip in the intermediate form, 8-uranium, which 
ing to the different structural types is one of the — gtabilised by alloving with chromium 
least understood aspects ol the subject. For this The structure of a-uranium was determined br 
reason, much interest attaches to the crystallographi Jacob and Warren [2], who used powder patterns, 
*Received August 15, 1952 and confirmed by Lukesh [3] by the rotating crystal 
+Atomic Energy Research Establishment, Harwell, Eng method. During the present work all Laue photo 
land. Now at the Department of Metallurgy, University ot 
Birmingham, England 
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graphs of uranium crystals were satistactorily 
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nterpreted on the basis of the unit cell determined 
by the other workers. The symmetry is centrosym- 
orthorhombic, with a = 2.852, b = 5.865 
4.945 A.U. The atoms are at Oy}; 0 — y#; 
] y = ().105 + 0.005. 


V, 


r 


metric 

ind ¢ = 
i, Where y 
been discussed from 


The structure has a crystal 


chemical standpoint by Tucker [4], who shows that 
ill the available evidence implies that the binding 
of the atoms is partly covalent. The structure may 
“oiant molecules,” 


be regarded as consisting ol 


sheets of atoms bound together by 


The 


metallic forces. Interatomic distances within a sheet 


corrugated 


covalent bonds. sheets are held together by 


ire about 15 per cent smaller than those between 
nearest neighbours in adjacent sheets. The structure 


is shown in Figure 1. 


THE BLACK ATOMS ARE % 
ABOVE THE WHITE ATOMS 


[winning plays an important part in the deforma- 
tion of uranium. Several different types of twin were 


found, including a type with a twinning plane which 


does not have rational* indices, and another with an 


irrational twinning direction. With the idea of show- 


ng how such twins are crystallographically possible, 
ind so that the methods used lor determining the 
the 


twinning elements shall be clear, section on 


formal crystallographic theory of twinning follows. 


adopted is that in normal use by 


the 


he terminology 


ineralogists, except that term “compound 


in” has been newlh coined. 
a represents a sphe re cut [rom a single 
(winning or tion plane, is 


ear. Any 


through a distance proportional to its 
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point above A, moves 


own height above K The magnitude o Hear is 


defined as the distance through which a point at 


distance unitv from A, moves; it is always such that 


h is denoted by 
i rational direc- 
7 


tional plane is 
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each atomic plane parallel to A, moves relative to 
the neighbouring plane through a distance which is 
considerably less than the repeat distance along 7. 
There is one central section of the sphere, apart from 
K,, which remains circular after twinning. This is the 
2¢ it makes 

the shear. 
2¢ with A. 
The plane including ; and normal to A, is called the 


second circular section K», and the angle 


with A, is an alternative measure of 


After twinning, Ae» still makes an angle 
plane of shear. The line of intersection of A» with the 
plane of shear is given the symbol np. 

An essential point about twinning is that the 
symmetry and structure of the crystal is the same 
after twinning as it is beforehand. It is easily shown 
that the shape and size of the unit cell will be un- 
changed if it is possible to find three non-coplanar 
rational lattice vectors in the untwinned crystal 
which retain the same lengths and mutual angles after 
twinning. Now all vectors which remain unchanged 
in length lie either in the twinning plane A, or in the 
second circular section A». Any vector in Ke will 
make the same angle with the plane A, after twin- 
ning as it did before, but only the vector no W ill make 
the same angle, before and after twinning, with any 
selected vector lying in Ky. The same thing applies to 
n, and any vector lving in Ko». To satisfy the con- 
dition that the shape and size of the unit cell shall be 
unchanged by twinning, we have two possibilities 
(1) nx and A, are rational (n; and being irrational). 
Phen we can always select two rational vectors lying 
there are an infinite number of 


in A, (because 


rational vectors in a rational plane), and _ these, 


together with me, will constitute our three invariant 
rational (m2. and 
the 


two rational direc- 


rational vectors. (2) and are 


K, being irrational), in which case invariant 


directions would be m; and any 
tions lying in A». These two cases are illustrated in 
Figures 2b and 2c. P, Q, R are the invariant vectors 
twinning, P’, Q’, R’ their after 


before position 


twinning. In case (1) the orientations of the invar- 
iant directions before and after twinning are related 
by reflection in A; as mirror-plane (or by a rotation 
of 180° about the normal to A 


mirror-plane relating orientation of parent and twin 


In case (2), the 


is normal to n;. Alternatively in this case the orienta- 
tion of the twin is obtained from that of the parent 
by a rotation of 180° about 7; as axis. This is equiva- 
lent to the mirror-plane description for all centro- 
symmetric crystals. The two kinds of twin described 


under (1) and (2) are known, respectively, as 
of the first and second kinds. 


and n all Lo have 


It is possible for Ay, Ke, m 


rational indices, and this is the more probable, the 


«AB 
acd 
> PPP 
Q 
OL AD— Pf 
od 
A 
b 
] winning 
r\ 
tesral Miller indices. In structural terms 
pal llel 1 sheet tomes 
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Length OP = Unity win of first kind 
= 2-OP-cot 20 QOR = 
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higher the crystal symmetry. The twins in cubic, Experimental Methods 
hexagonal and trigonal metals are in fact all com-  \saking the Specimen 
pound twins of this kind, with all four elements 


It would have been desirable to ust single crystals 


rational. However, twins of the first and second ere ' 
for this study, but it was not found possible to make 


<inds are common in salts and mineral: -tho- 
kin ls ur Salts | inerals ol ortl oO them both large, and perfect struc turally In conse 


rhombic or lower svmmetry, and, as we shall see, the 
quence coarse-grained polyvcryst illine samples nad 


occur in uranium. In minerals, it is common to find — 
to be used, with grains usually 2 mm. or less across 


reciprocal twins; that is, Ay; and n. of a twin of the 

igure 3 shows a portion Ol such a specimen atte! 

first kind are found to have the same indices as A ji 
“ “<2 macro-etching. These samples were made by recrys 

and respectively, of a twin of the second kind 

the same substance. This is also found in uranium : 

Piven 1n anothet papel 

It should be « learly noted that the condition, that 

the shape and size of the unit cell should remain lermining the Orientation 

unchanged by twinning, is not strictly equivalent to lhe grains in these samples 

the condition that the crystal structure should not — reflection Laue photographs, 

change. This disparity results in the necessity for showing the orien 

small positional adjustments by individual atoms Because of the small lin-size, however, 

after twinning. We shall return to this important difficult to identif ler the microscope 


point later. which Lau rapl had been 1 


With the model we have been considering, the method followed 


whole upper hemisphere is supposed to shear at once. a macro-etched spe 

What happens in practice is not this, but a gradual of these, and then 
growth of the twin. This takes place by a steady examination in polarized ligh 
migration of the A, plane, making the twin, which as it could not be predicted 
starts as a thin lamina, progressively thicker. Only would reveal the most inte1 
a few atomic layers are shearing at any instant. microscope 

Actual twins are nearly always in the form of thin lo meet the difficulty 
lamellae. Where these are parallel-sided, both designed, whi h ma 
bounding surfaces are parallel to A,. Where they particular regior 

ire lens-shaped, or /enticular, they have grown on microscope, and 

either side of an initial lamina parallel to Ay, the small cross-sectior 
successive lavers gradually decreasing in area as_ racy of positionin 


thev grow. ment was made to precisio1 


: 
F ] Ker 
aken. Th 


METALLI 


ons derived by its use were generally accurate to 


\n account of the instrument is being published 


elsewhere 
mens 


were mostl\ 


ses the 


he specimens used of rectangular 


section. In some ca central portion was 


polished on all four surfaces to allow individual 
to be examined on two suriaces at right 


les, Figure 3 shows two such ins ON a macro- 


ved specimen, prior to repolishing. In other cases 


1e 


one suriace was polished. 


ns were either 


speci- 


| 
stretched generally by | 2 per 


overall), or compressed removing the 


s| oulders the compression might he is great as 10 


h 


ver cent). The specimens were sometimes examined 


imes atter repolishing. In all 


mmediately, somet 


ises polishing was completed by an electrolyti 


nethod. Details of several baths which were used, 


conditions, have been given 
The 


sulphuric acid—phosphori 


nd of the 
\lott 


uned 


ip] re 


and Haines |6]. best results were 


with the acid 


is necessar to polish fairl 


deeply, 
lue to the preceding ibrasion by 


“mery paper rema ned visible. The sections were not 
vs examined in polarised light, which 
clearly by 


visible 


hed, but alw 
revealed grains and 


twins ver’ a ditference 


of colour. The inclusions many of the 


| 


yhotomicrogt 


oxide. 


Experimental Results 


wins were formed in several meth- 


ods 1 heating and cooling; detormation 


bending 3 abrasion. 


extension, Compression, 


rhe reason for the ready formation otf twins by 
in the great 


The 


the ran 


found 


and ing is to 
f thermal expansion of uranium. 
coethe ents ol 


expansion, 
22 X 10° 


over e 


per 


25-650°C,, are 28, 1.5 and 


In polvervystalline metal this anisotropy leads t 


the 


temperature 


ind these stresses are relieved by twinning 


changes, 


This process of ‘‘thermal fatigue’ has 


ind slip 


been demonstrated in other anisotropic metals by 


Honey 


temperature 


Boas and combe [7]. Cooling once from the 


-ystallization was enough to 


generate twins in many grains. Figure 5a shows such 


L one, exceptionally heavily twinned. 


[eformation t room temperature ilwavs leads 


to twins accompanied in some suitably oriented 


vrains by visible slip markings. The most notable 


feature of the twins is their extreme thinness. It was 
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rare to find twins more than 10 thick. Even with 


continued deformation, the twins do not thicken 
but their number increases. This may be seen from 
Figure 56, made of a region close to a sawcut. Here 
some adjacent twins have begun to join up. Figures 
6a and 6b 


before and after 


show a portion of a tensile specimen 
a slight extension. Here twinning 
and slip both take part. 

lhe twins usually had the appearance of parallel- 
sided plates, rather like Neumann bands in iron. 
In regions where two systems of twins had operated 
simultaneously, the lamellae were prevented from 
spreading, and — short lens-shaped twin traces 
resulted. | igure 7 shows an instance of this. 

One other point regarding the appearance of the 
twins is of importance. In one and the same ‘grain 
there are often twin traces following many different 
directions. The largest number of directions found 
in one grain was ten: nine directions mav be dis- 


Now, in 


four planes of the general 


tinguished in Figure 8. the orthorhombic 


system there are only 


form {/k/!. The observation just mentioned there- 


fore showed that at least three distinct types of 


twinning (A,) plane must operate in uranium. 


Slip lines were always formed on some grains 
when a specimen was deformed. It was also possible 
to generate them by thermal cycling. Two charac- 
teristic features were observed. The slip lines were 
always very fine at room temperature, and when 
there were many slip lines, they were extremely close 
together (about lu spacing . The other feature was 
the presence of cross slip, i.e. a localised change of 
the slip plane. These points are well brought out 
in Figure 9, made at high magnification from a grain 
in which there had been an exceptionally large 
amount of slip. In a thermally cycled sample, where 
much of the slip must have occurred at elevated 
temperature, the slip was coarser and noticeably 
wavy (implying that there was very much cross slip 
on a fine scale). Figure 10 was made from a sample 
cycled 55 times between 20°C and 630°C. 

Through the kind co-operation of Miss S. Vernon- 
Smith, of the 


Association, several electron micrographs of 


3ritish Non-Ferrous Metals Research 
slip 
lines on uranium were obtained, the formvar replica 
technique being employed throughout. Two of these 
micrographs are reproduced. Figure 11 shows cross 
slip and emphasises the irregularity of the cross slip 
segments, which are often zigzagged on an extreme- 
ly fine scale (cf. the writer’s observations on alu- 


minium |8]). Figure 12 shows an extreme case of the 
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very close spacing and fineness of the slip lines 
[t is noteworthy that none of the micrographs ct r cadmium, 
furnished any evidence for a fine lamellar sub- pressive force is applied to 


} 


structure within strong slip bands, such as exists in of which is approximatel 
aluminium. direction. With 

In a few cases a set of very faint slip lines entirely cannot (in these met 
devoid of cross slip were detected in‘addition to the planes collapse, as 
stronger family showing cross slip. In one instance becomes divided 
two such faint families were present. This suggested in which the slip directior 
that two distinct slip systems operated, one being angles to the compression ¢ 
predominant, and this was later confirmed by course to shorten the cryst 


detailed analysis. Figure 13 shows a set of the mino1 It was found by 


1 


slip lines. The predominant system operated also raphy that the situat in uranium is simila 


here, but as the slip dire tion is almost parallel to described for zin¢ 
the plane ot sec tion, the corresponding slip lines do SION pal illel Lo the Wnant slip dire 


not appear particularly strong. be relieved by any of the possibl 


excepting one vhicl Lppea»rer 

1} 

K inking 
4 wid 


was therefore presumed to form o1 

In grains in which there was a good deal of slip ‘at. difficult ‘cond, minor slip svster 
there were often bands, looking I ither like twins, but whl sometimes operated al ippeared O 
considerably thicker, and of slightly variable i. high critical stress. [1 { it under 
direction in any one grain. The surface was often conditions of stressing 
tilted through a considerable angle in these bands deform by kinking. We 
Slip lines were often seen to traverse these bands IKKink bands were foun 
with a small, discontinuous change of direction, and = specimens, but also in_ stretched 
the angle through which they were bent often samples. In these cases, however, where 
varied at different places along a band This IS was Mm cle l rection proved to mak 
never the case where slip lines traverse a twin). in with the axis of tension 
\n example is shown in Figure 14. When a specimen were evidently formed as 
containing Suc h bands Was Set tioned and repolished, transverse COMmpressive Stl 
the bands were still visible in polarised light. It was bouring grains. The result 
noticed that the colour of the bands in polarised the transverse dimensior 
light was only slightly different from that of the vhich wer 
parent grain, and this was true of all bands and forall showed much 
settings ol the rotating Stage. This proved that 
the bands dittered only slightly In orientation fron 
the parent grain. 

igure 15 shows bands in a grain repolished 
extension. The white lines, deflected within the bands, 
are twins. The characteristic double arrowheads 
with two distinct colourings, and therefore with two 
orientations) at the tips of two of the bands should 
be noted, as well as the gradual fading away of the 
bands, again showing them to have an orientatiot 
varying from point to point. Figure 16 shows Crystallography 
group of well defined bands in a specimen which vy el ination of IN 
strong] bent and then repolished. Po define 

The orientation ol the planes ol these bands Was KNOW the 


hey were always n;, according 


determined, and it was found that 
nearly perpendicular to the slip direction of the In practice / 
predominant slip system (for details of the deter the easiest 

minations, see below). This is a characteristic of the concerned w 


kink bands studied in recent vears bv various 
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i) Two surface method. K, is the plane to which the — triangle of the standard stereogram (i.e. one quad- 
thin twin lamellae are parallel. To determine it, the rant of the projection). This follows Bowles’ [12] 
isual way (the “‘two-surface method’’) is to polish — practice. 
two flat Suriaces on a single crvstal containing a The pole loci mostl\ passed close to one or other of 
tamily of lamellae, and to measure the directions of | anumber of points on the standard stereogram. Thus 
the traces of the lamellae on each surface. The numerous loci passed close to the pole of (130 
orientation of the crystal is determined by X-rays, confirming the indices of the first type of twin which 
the angle between the surfaces is measured, and had already been identified by the two-surface 
there i sufficient information to plot the method. In this way the second type of twin was 
pole \ n the stereographic projection of the found to have $112! for composition plane. 
crystal we situation is complicated if there are This still left a large number of loci unaccounted 
several families of twins, for it is then necessary to for, almost all of which congregated in the vicinity 

several sets of traces on each surface of the pole (172). Now there is a well-established 
orrectly. It is more awkward still if only small 
grains are available. Both these complications had 


to be taced in le present experiments. In conse- 


quence, it \ 1I\ possible to carry out a few 
determinati { this nature. Samples of the type 
shown in Fi 3 were used. The K, plane ot one 
types of twin was determined in this wav, 
nd found to be }130!}. 
Pole us method. Vo determine the A 


lanes of the remaining types ot ins, another 


nethod was “1. A large number of grains which 


single surface only were exam- 
erains chosen cont ined several 
The orientations of these grains, 
ll, were determined 
camera mentioned earlier. 
exhibits some asterism and 
ind moreover becomes ver\ 


if has been at all 


preference was given to samples 

stresses, or by a slight deforma- 

in a stereogram was plotted 

| to the plane of section at the centre. 

parallel twin traces, a great circle, empirical rule regarding twinning, that all rational 

the centre of the projection, was elements have indices consisting of small integers 

le, a straight line on the pro- 172) hardly obeys this rule, so the probability was 

perpendicular to the direction that the twins in question were of the second kind, 

It follows that the pole of the with an irrational K plane close to (172).* Of the 

twin plane to which the lamellae were parallel must nine remaining traces, three passed close to a pole ol 


lie somewhere o1 great circle. For this reason the form {121}, and further examination of one of 


such great circles are referred to as pole loct. these twins on the assumption that |121} was the 


Numerous pole loci were drawn on the stereo- correct attribution vielded reasonable results (see 


grams of the various grains examined, and these below). Thus the method of pole loci has identified 
ere then all plotted together on a stereogram in four K, planes: {130}, {112}, {121} and an irrational 
standard orientation (i.e. one with (001) at the plane close to {172}. Of these, | 121} must be regarded 


centre). To achieve this, it was only necessary to as being only insecurely established. 


each stereogram together with the great Figure 4 shows one quadrant of the stereographi: 


circles, about the appropriate axis, so that it came projection of uranium in standard position, with a 
nto the standard orientation. The pole loci were 

conciseness these twins will be referred to simply as 
tnen all redr iwn sO as to lie entirely W ithin one unit ,172{ twins, though this is not strictly accurate 


(i172 
Ak 
ned eacl 
lies tunnc | 
means the | 
lificult to interpret) | 
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lengths 
Che 
pole represent poles as 
Che 


position ot K, for the twins of the second kind, as 


Only short 


to avoid 


number of pole loci drawn in. 


of the loci are included confusion. 
open circles near the (130 
true 


determined by the two surface method. 


determined from later experiments, is indicated 


near the pole of (172). (The pole ot (172) is indicated 
by i. small dot, the correct position of KK, by a 
large one.) On the same stereogram the pole loci 
for the slip planes and plane of the kink bands are 
included also. ¢ nly a proportion of the observed loci 
are included, to avoid overcrowding. 

iil) Self-consistency method. \t was desirable to 
check the indices of the K, planes of the {112} and 
}172{ types in some way. (The {130} planes had 
the 


method, while the {121}! twins were only observed 


already been cross-checked by two-surface 
in two grains which had been destroyed before it 
twins of unusual 


found: A 


contained 


was realised that they contained 


The 


17) was 


indices. following way was grain 


Figure selected which eight 


too 


| he 


stereographic projection of the grain, obtained from 


different sets of twin traces. (Some of these are 


faint to show clearly on the photograph. 


it Laue photograph, is shown in Figure 19 in the 


(172) 


correct orientation, with the pole locus for each set 


of twin traces drawn in. [t will be noticed that the 


(172 


attribution of 


planes (130) and , corresponding, according to 


the provisional indices, to 


families G and C respectively in Figure 17, 


almost perpendicular to the plane of the specimen 
individual 


surface. It was therefore easy to use 


traces of these families as reference planes passing 
right through the grain. A point such as ‘‘a’’, where 


a C trace and a G trace intersect, was taken as 


origin, and the position of particular traces belonging 
to the other families were measured on the photo- 
About 0.02 


mm. of specimen surface was then removed by 


micrograph relative to the point ay 


grinding on fine emery and repolishing, and a fresh 
photograph taken (Figure 18). The configuration ot 
traces had of course changed, but many individual 


ATION OI \] 


PHA 


traces present in Figure 17 were still recognizable 
Figure 18, since the thickness of metal removed 


small. The exact thickness of metal removed w 


computed by measuring the change in position of 


particular \ trace relative to the reference point 


Krom a knowledge ot the thickness of metal 


1 


removed, and the change of configuration, it was 


possible to determine 1 inclination of traces B 


and E The 


three sepal it determin itions, using different traces 


to the plane of the section. results ol 


of the B family, and of 


one determination for the 


kK ftamily, are entered on the stereogram: 

be seen that, within the error of experiment, t 

assignment of indices is proved to be self-consistent 
This experiment has been des« ribed in some detail, 

of general applica 


Widmans 


ison ible provision il YLUCSS 


because the method should be 


bility in checking complicated twin ot 


Some re 


tatten patterns, 1! 


can be made of the indices concerned. It would be 


possible, though laborious, to check number 


possible alternatives | S an 1d\ intage, but by no 


Widmans 


ilar to the plane ol 


two of the twins, o1 


means essential, for 


De perpendit 


tatten plates, to 


| 
Determination 


Phe 


determine these 


method uwavs adopted 


elements 


metric measurements ol 


natural taces ol cr’ these are intersected 


bv a twin. There are in effect two unknowns, namel 


the direction of shear tude of she 


It is sufficient to measure the rotations on two not 


parallel faces to determi these two nknowns 


Knowing Ay, 7), and nd 


either of which in an 


not be rational 


Chis method w not u il, because o 


the POo! Opti i] qualit | the electrolv ti ill 


lished surtace. Because o lamellae 
| 


were too narrow to giv recognizable reflection of 


their own on an ordinary optical goniometet \ 


simple goniometric arrangement was built tor use 


conjunction with a used at very low 


N.A. 
of the surface in 
The 


(130! twins 


micros ope 


By this means a rough value tor the rotation 


lamella could be obt uined 


IT} 


method was used as a check only 


our task by 


Here we can simplifs 
making use of the known svmmetry properties of the 
here is a plane of symmetr 


structure. 
(130 


uranium 


normal to namely From this we can 


deduce that 7; must coincide with the intersection ot 


130 and OO1), that is, the direction 310] lt 


/* | is to make optical gor 
the rotation of the various 
| 
\ (ody “~_/ 
/® 
| ilk 
| GURI 14 tt eogram ol ora ‘ 
rror imag tch Figures 17 and 18 a 
particular case 1 


LUR 


this were 001 be a 


symmetry plane in the twinned parts of a grain, and 


not so, would no longer 
this would violate the fundamental requirement that 
by twinning. 


or no. (We 


rational, 


the crystal svmmetri 
We still have to find 
that all elements are 
and and that A: 


Now with very few exceptions among known 


be unchanged 
the indices ot 
know 
both A 


hkO 


four because 


are, must be of the form 


Cry stals, 1s 
ind A 


than 70 


small, so that the angle between A, 
is usually greater than 80° and alwavs greater 
hkO and ot low 


110 (120 
if we take Ke= 


he only planes of form 


indices for which this is true are 
is 81° 30’ 
120). 


one of these planes was the cor- 


and 
Che angle 2¢ (Figure 2a 
110), and 82° 14’ if K 


almost certain that 


It Was ( onsidered 


rect one, but an appeal to experiment was necessary 


to dec ide between them. The goniometrit method, 


though rough, was suitable for this purpose. A crystal 
with two well-developed sets of twins parallel to 
130 


and was chosen, and the best value for 


» of tilt determined as 8 + 3° tor (130 


130 


and 


11 


the assumption that 


+ 3° tor The calculated angles of tilt, 


110 110 


respectively, and the sense 


on 
= and 


and 113° 


rotation in 


respec- 


tively, were 8° 


of the each « 


ase was consistent with 
alternative. 


3101, Ke = (110 
81° 


this assumption, but not with the 


K, = 


ind hence 7  B 


we have 130), 


calculation 2¢ 30’, 


0.299. 


ind hence s = 
1172!" twins 

igain to determine the shear direction 11- 

of the high indices of A 


he first requirement here was 
Because 
, the hy pothesis Was adopted 


that these were twins of the second kind, i.e. twins 


and A. 


\ stereogram was drawn on which was plotted the 


with rational n ind A» and irrational n 


most probable position Ol the pole ol A 
| by 
venerous Cire le Oo! confide ce ol radius 13°. A band 


was then defined bi 


as deter- 


mine the pole locus method, surrounded bv a 


two bounding curves such that 


direction falling within the band would lie in 


A, lor some position of the true pole ot A 

the 20 Chis 
poles of all directions which might be 
\ll directions, 


ber higher than 5, 


within 


circle of confidence Figure band 


contains tne 


the shear direction n with indices 


involving no nun 


the 


within 


which li 
band, were also plotted on the stereogram. 
involving no 


113], 


direc tions 


indi es 
201 


thre have 


higher than and 


In the first instan 


these three 


vere ( onsidered. 


In deciding which of the directions in the band is 


the true direction, it helps to remember that as we 


ire dealing with a twin of the second kind, the pole 
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FiGuRE 20. Determination ¢ 


ot Ko 


indices 


be 


must lie on the oreal circle connec ting the 


which must a plane of rational and low 


pole ot m1, 


outside 


with the pole ot Ay; moreover the pole ol 


must lie fairly close to ny; (within 20° at the 


else the corresponding shear is impossibly 
great. On 
201] or 

201] is correct, then A. 
then K» (112 


£433, and the other possible dire¢ tions ol higher 


this criterion, it was found that either 


the twinning direction. [1 
(112); if [312] 


This will be clear from Figure 20. 


312] might be 


Is correct, 


indices, are excluded tor lack of a possible 


K 


rational 

plane to go with them. 

the 
& 3 


112 


The two possibilities, then, 
0.228;* and (2 
40’, s = 
Fortunately 


are following: 


(2 26 
201], A. 
0.702. 


test makes 


a simple experimental 


possible an unambiguous decision between the 


alternatives. For a twin of the second kind, the 


orientations of parent and twin are related by a 


rotation of 180° about 7; as axis. Consider alterna- 
tive 1 
Ks» 


erain, 


ll 


The four possible twins (1.e. those with 


112 112 112 


would all have different orientations, be 


, and in one and the same 


namely 
With 


however, the four twins would 


have different shear directions 


312] and alterna- 


312] respec tively 
nave only 


he 


have 


+} 


orientations between them, since t 


112 112 
mi 201], while the other pair would both have 
201]. Now 


or more twins of this tvpe occurred, the 


two different 


twins with A and would both 


where two 
all had 
different orientations as revealed by polarised light 


the 24d 


shows a pair of twin families which on alternative (2 


in all cases examined 


and rotating age. For instance, Figure 


st 


83°30’ and 
and supersede erroneou i e- 


nd 0.213) [13 


he value 20 
careful 
elsewhere 


= J.228 were btained after 
published 


checking 
55 
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\ 


should have the same orientation, but in fact have of the first kind (AK 
not. 


rational and ac ting 


plane) we can conclude from this that slip 


The conclusion that (312) is the correct shear twinning. The observed angular deflection of the slip 


dire¢ tion Was reinforced by al eoniometri check. \ lines is the relore ompared with the de 


family of well-formed ‘}172{"’ twins was examined — puted by stereographic construction on the basi 


DAaSIS 
in the way described earlier, and a tilt of t 4 the assumed np indices. The observed and computed 
observed. The calculated tilt was 10°, in the deviation were 11° and 8; 


respectively, in the 
observed sense. 


case, and 8° and 6% , respec tively, in the other 
Calculation shows that the exact position of A, sense of deflection was correct in eac!] 

is about 1° removed from {172!: it is marked in strong evidence for the « 
Figure 4 as a large dot. indices 

A basically different kind of check was also applied, Here again, the method of twin interse 
and confirmed the assignment of indices. This, the 


issignment 


method of twin intersectiens, will be described when 


oted ivaln that the 
ittribution of 2 f certain twins rests 
on only three p 1( One of these loci was derived 
from a well-developed family of twins in a grain wit! 
well-marked slip lines (Figure 21 The deviation of 


the slip lines was again used to distinguish betwee 
possible alternatives for m2. An examination ot 

possible yn» directions which would give reasonabk 
(010) values for tl magnitude of shear showed that 
Z08). 311 al were candidates \ vel 


careful graphical determination of the theoreti 
ingle of deviation o ; | lines in the twin band 
suggested that (311 )1 correct no. The theoretic: 
deviation was 6+ 4°, the observed deviatior 
54 I } - the sense of deviation was correct. In view 

of this excellent agreement, it seems justifiable to 


regard the identity of this tvpe of twin as established 


though further experimental verification would bi 


welcome. In parti ular, the possibil { that the twi 
aie s of the second kind cannot be excluded 
we have discussed the remaining types of twins 
Finally, (312) was confirmed as slip direction from 
the fact that the plane normal to it was the mirror 
plane relating parent and twin orientations (see 
p. 60 


1112! twins. From the fact that $112! is the A 


plane for the preceding type of twin, it appeared 


probable that the |112{ twins are reciprocal to that 
type (see p. 51). this basis we should have 
AK 112), 7 83°30’. and ().228 

{112} twins were found comparatively rarely, and 


were usually very small. For this reason none were 


found suitable for goniometric analysis. However, a For th 


ditferent method of check was found. In two speci 311], 2 


mens which were examined after deformation, slip All the tw 


lines were found crossing a (112) twin with a small paragraphs 


deflection as in Figure 33. The slip lines in the twit Figure 22. The superfix attache 


were not situated symmetrically with respect to thi 


ntended to show whi h K's ind rs be long 


twinning plane. As we are concerned with a twins mbered from 1 to 14 


(li 10) 
"x, 
(ay | 
212 (i! 
12 
W "Ke 
‘ \ 2 4 4K Z 
5 \ Ay. \ 
\ 
95 3 (iia) £3121 7K inf 
‘Ke T 
(110) t, (110) 
type, provisiol 1271). + 
= ().329 
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Concerning the six twin traces that remain 
unaccounted tor, the author prefers to believe that 
they were due to spurious markings on the specimen 
surfaces. This is quite possible, for sometimes only a 
single short trace of a particular direction was seen 
on the whole surface of a grain. 

Details of the four types of twins are assembled in 


I. 
Twin Intersections 
It has been found possible to confirm the elements 
of twinning derived in the preceding paragraphs by a 
intersecting twins. By “‘twin 


study ol pairs ol 


intersection’ is meant a situation where one twin 
passes right through another, rather than tapering 
to a point and starting afresh on the other side (as 
is the case, for example, in Figure 7). Examples of 
such intersections were frequently observed, and 
in Figure 24 a 
intersecting twins are indicated in the photographs, 


as betore, 172 


some are shown he indices of the 


putting, as an approximation to the 


\\ shall show 


such intersections provide evidence 


twinning plane of the type 2 twins 


now in what w 
ibout the elements of twinning. 


(onside twin lamella 


\ intersecting another, B, 


which was tormed prior to A (Figure 23). The 


ntersection is itself a twin in to B, and we 
shall call <4 Wi shall call th OSS 
ind C the 


ntersection nh 


ng twin, B 


he crossed econdary twin. Such an 


possible if the following two 
tished: 


ind of C in the A, 


» CAC h other 


conditions are s 
1. The traces of \ 
must be parallel 
2. The 


n, and s 


) 


plane of B 


magnitude of shear (i.e. 


\ and C 
same in A and C 


direction and 


must be identical in In addition 


the sense otf she must be the 
his proviso is explained in Appendix I. 

If (1) were not satisfied, A and C 
up with each owner, along the composition (K, 


plane of B, and if (2 


could not join 


were not satisfied, the displace- 
ments caused by the twinning operations in A and C 
would not match, and the tremendous strain set up 
would 


in the neighbourhood on account of this 


prevent C from developing bevond a minute nucleus. 
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If both conditions are not satisfied simultaneously, 
the impinging twin should stop short as shown at D 
in the figure. See Appendix | for a fuller discussion ot 
these conditions. 

The circumstances under which these conditions 
are satished are straightforward if the crossed twin, 
B, is of the first kind (A, and 7» rational). It is only 
shall be 
This is 


required that 9; of the crossing twin A 
and B. 


explained in Appendix I. It may be mentioned that 


parallel to the intersection of A 


intersections of this kind have been observed be- 


tween appropriate pairs of Neumann bands in iron 
by Smith, Dee and Young [14], and both conditions 
very strong evidence that 


were satisfied. (This is 


Neumann bands in iron are indeed deformation 
twins, a point on which there has been protracted 
controversy . 


When 


(K» and n, rational 


the crossed twin B is of the second kind 
the situation is more complica- 
ted, and a general analysis is given in Appendix he 
Here we shall simply accept the conclusion reached 
in the Appendix and analyse the experimentally 
observed intersections of their basis. 
Twin intersections observed. 
intersection were found. In each case they appeared 


that 


[wo main types ol 


to take place very easily, in the sense there 
ippeared to be no tendency for the crossing twins in 
question to stop short of the other family of twins. 
172 130 172) or (172 
Figures 24a, d, « 

172) or (172 


the crossed twin B is of the first kind, 


72) or 


130 


crossing 
crossing 
130). Here 


with Ay, 


Consider first crossing 
The required condition is that N14 be parallel 
Now 7 312 OI 
twins respec tively. These directions 
130 


for the (172) or 
are both 
exacth parallel to ,asis easily seen by reference 
to Figure 22, and the required condition is thus 
satished. The argument for the other trio of twins is 
similar. No 172) or (172 


130) was ever found. This kind of inter- 


exacth instance of 


crossing 
section furnishes confirmation for the correctness 
of the indices assigned for the shear direction of the 
1172{ type twins. If in Figure 20 we plot a locus AB 
of all directions which lie in (130 


the plane, its 


intersection with the confidence band containu g the 


possible positions of ni for the (172) twin will give the 


because only if ; lies some- 
(172 


correct position for 7, 
where on AB can the observed intersection of 
and (130) be accounted for. 

(ii) (172 (F722 


This was the type of twin intersection most common- 


crossing crossing (172). 


ly observed, and was found wherever the approp- 


riate twins occurred at all plentifully. In fields such 


| 
’ 7 
| | 
— 
8 
L r 4 
RE 23 erst and terse twins 
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as those shown in Figure 24d, the two families of 


twins seem entirely oblivious, as it were, of each 


other’s presence. This impression is due to the 


striking fact that the crossing twin is not deflected 
in direction where it passes through the other twin, 
crossing, 


though with appropriate stage settings, 


crossed and secondary twins all have different col 


ours (and therefore different orientations). Because 
of the lack of deviation, there is generally no means 
of distinguishing between the crossed and crossing 
twins. 

As is shown in the appendix, no intersection is 
possible under any circumstances between two twins 
of the second kind if both crossing and secondary 
twins have the same indices. It was necessary to see 
whether the intersection could be explained on the 


assumption that they have different indices and this 


proved to be possible. The cry stallography ot these 


intersections is complex, and its exposition has been 
relegated to Appendix II. 

In principle (112) twins should be able to cross 
without deflection 
Here 
In tact this has not 
112} 


occur rarely and no opportunity for such intersection 


(172) twins (but not vice versa! 


in an exactly analogous manner. the secondar\ 
twin would have indices (172 
been observed, presumably because type twins 
occurred in anv of the grains examined. 

\n exhaustive analysis showed that no other pai 
conditions exactly, 
Phi 


howevet 


of twins satishes the necessary 
though in a few cases thev are roughly satisfied 


corresponding intersections were not, 


observed. In a very few cases only, intersections wer 
observed between pairs of twins, of which at least 
did 
\n instance is shown in | 
112 


such intersections are so 


ilwavs thin, which not satist 


igure 249, 


twin. Evidenth 


one Was 
the conditions 
172 


the strains engendered by 


where a twin crosses 


high that thev can only be accommod ited when one 
of the twins is very thin. 
Bouncing twins. Figure 25a shows a configuration 


112 


twin cuts right across a grain and acts as an obstacle, 


which was repeatedly observed. Here a large 


since no other twin can normally intersect it. 
(172 
points of contact, 
(172 


Sometimes this starts a 


Several twins impinge upon it, and at the 
the local strain is partly relieved 
by a twin which starts from the same point 
twins, 


112 


the set a, b, c, d, e, f at the top ol 


whole avalanche of 
bouncing to and fro between two _ parallel 
twin lamellae; 
Figure 25a is a case in point. A view of this region 
at higher magnification (after repolishing) is shown 
in Figure 25). (Figure 24g shows another part of the 


same grain 


FORMATION OF kk 


at 450°C 


at 550°¢ 


ANIUN 


configuration is onl possible becaust the 
172 (172 


and because the A 


freel\ 
112) are 
such 


twins can cross each other 
172 172 


This explains why 


and 
planes and 
cozonal. 


ible but 


almost exactly 


‘bouncing’ is po not why it actually 
happens. It is thought that this is due to the fact 
112 
OT a 


(112 


Figure 24g and roughly 


twin is virtually impenetrable to either 
172) twin. When a (172 


twin, the resultant shear 


twin impinges 


on a indicated 1 


parallel to the plane of the 


photograph must somehow be accommodated at 


the point of impingement. This is normally achieved 
by a tapering of the impinging twin ( 
172) twin 


as indicated 


Here this does not happen, and instead a 
bounces back producing a fresh shear 
lhe resultant of the two shears is roughly parallel to 


112 
the plane of the 


the m; direction of the twin (which is also 


ipproximately in photograph 
Often cancelled by 


112 


on one side of the point of impingement. This is well 


this resultant appears to be 


third shear etfected by a thickening of the twin 


brought out by Figure 24¢. This figure also illustrates 


inother consequence of impingement of this kind, 


namely, the appearance of a similar configuration ot 


twins exacth opposite the first 


Other Observations Relating to Twinning 


tof Tempe 


Investigations of tv i! il 


otnel met 


rep. itedh shown that twinn becomes less 


tant. or even ives Wa comple tely to sliy 


temperature ol detorm LLIO! S | xperimet 


Ol S point were ndertaket 


WalS I ) | Stl tc} 
not ible to 


s would 


ited temperatures, 


no provision Was ay 


protect itmospher 


instead OT Lined specimens were 


mpressions were made 1) steel ball, mn 


diameter, at temperatures ranging from root 


to 630°¢ loads were chosen so as to 


temperature 
ipproximately equal d 


ich 


sectioned transverse 


produce impressions Ol 


mete! ibout 1.5 mm.) in e specime! 


specimens were subsequentl 


through the The sections were deepl 


Mmpression 


| 


ground on fine emery and deeply polished, to obviat« 


an spurious sources otf detormation 
Spe imens detormed at room tem pel itu 
300°C 


had twinned profusely. A specimen detormed 


was devoid i twins except for some 


isolated clusters in Specimens detormed 


“and 630°¢ 


one grain 


were entirel\ devoid ol twinning 


— 

) LS Live 

| ensile spect 

Cis ve bee! preterre 

eNIST 1) 

{ 
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thin twins due to cooling stresses are 


enored in this statement; thev could easily be 


distinguished from the thicker twins produced by 
I 


the Brinell ball where these were present. | 
itive pl 
this series of experiment 


300°C and 450°C, tw 


s almost entirely superseded by slip. The peculiarities 


oures 


26-28 are 
Phe 


it somewhere 


represent lotomicrographs 


Irom 


conclusion 


between inning 


ot slip at higher temperatures will be discussed 


Some experiments were also done with an appar 


tus in which twinning during heating and cooling is 


followed by the “erv”’ of the individual 


unplifving 


ins and projecting the signals on to an oscilloscope 


~ 


winning due to thermal fatigue seems to be 


ibove about 350°C, and even below this 


rs only on the cooling cvcle The 


is not known at present, but 


similat the theory 


Purkalo accoun 


n zine bicrvstals. It 


cooling trom high tempera 


form (between 350°C and 


twins to 


300°C approximately) are also the largest, if ampli 


de of sound is taken as a measure of twin size. 


These two independent methods taken together 


1 
indicate that 


nd ibout 


SU] verseded by 


reel 
Is la 


slip 


350°C 


A nnealing or De ormal lw NS 


| he 


explorator’ 


experiments to be described were purely 


ind the observations should be e\ lu: 
und. The effects found are i 
further experim nts. 


had 


compression, were 


imens which been 


irving from one dav 


Phe specimens were 
ter repolishing. In 
swelling Ol 


the 


ire illustrated 


re signs Ol 1 
ibsorption of twins by 
phenomena 


helds show1 n Figures 29 


630°C. Further 
photographs 
vere iken Wi h mim. il the location 


shown in. the 


ndicated by inked ircles. itions of 


ind twin ire stereogram, 


296. The mirror plane relating these orienta- 


construction, and is inserted 


F with its pole. The pole loc US ( orresponding 


to the trace * twin plane is also included. From 


the stereogram we see that the twin is of type 2 


172 


312]. (This pair of Laue photographs furnished 


a twin of the second kind), with A, ~ and 


the 


tne 


further evidence for the correctness of 


‘lements, and incidentally verifies for 


¢ 


# Principal poles of parent 
e Principal poles of twin. 


first time that in a twin of the seco: is the 


rotation axis giving the twin orientation 


in held 
630°C, 


Figure 30a gives the appearance oO 


in the same specimen after 16 hours at 


Figure 306 shows the same field after an additional 
6 hours at 645 (*: after the second anneal the surface 
was repolished electrolytically for a few seconds only, 


With 


twins which have been attected at 


taking off much metal one minor 


all the 


second 


to avoid 
exce] tion, 


ill by 


entirely 


the anneal have become partly or 


absorbed by the white matrix. The twins 


twins, partly in 


ularly 


blunt-ended instead of tapering. In the 


ditter from ordinary detormation 


being ver\ varallel-sided, but parti in being 
left-hand 


bottom corner are some pairs of twins joined at their 
middles, a configuration characteristic of 


Phe 


complex of this tvpe 


annealing 


twins |16 whole of Figure 29a single 


Is a 
Laue photographs were taken 


of the white grain in Figure 30, and of the large 


neighbouring black grain which trom its colouration 


judged to have the same orientation as the twins 


wos 


this also follows from the way twins merge 


the 


W ith the black oT un Phe Wo grains were 


11 
SMOOTDI' 


ilmost exactly in according to a 
172 


ponding 4; Was again 


twin relationship 


plane 


I parallel to the traces seen: the corres- 


the rotation axis. The small 


discrepancy is probably due to black grain 


having gr rom a twin, bu some remote, 


slightly bent, part of the whit rain. It was 


striking that the | iue photograph Irom the white 


erain had more asterism than that from the 


blac k. It would be interesting to know hether the 
latty e ol the white oTrain gets rid Ol distortion in the 


plac es where a black twin is absorbed by it. If this is 


so, we havea close analogy to the phenomenon which 
17]. 


has been called “‘strain-induced grain growth”’ 
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explanation of ths 
1] 
may well be basicaly 
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ternal 
noteworthy that, on [is 
t} 
95 
| 
ne enouen tt 
\ few coarse-grained spec 
ightly deformed in tension OY 
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twins, and (2) lengthy SS 
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n Figures 29-32, The 
nd 30 were examined most full ee 
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configuration shown in Figure 29¢ was 
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tions was found by ee 
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Figure 31, from another specimen, shows that communication). Recent work has shown. that 


(130) twins are also liable to become absorbed from cleavage often occurs at, or more often very close to, 


their ends, as evidenced by some blunt-ended twins Neumann bands in silicon iron [20]. A remarkabl 


which no longer abut on other twins (compare this feature in the case of uranium is tl the plane o 
photograph with Figure 7). parting is irrational 

No study of recrystallization in uranium has been 
carried out, but it does seem justifiable to say that Crystallography of Slip and Kinking 
some recrystallized grains must be the product of | 7he Slip Element 


enormously swollen twins. The large black grains he method used to find the slip planes was that 


in Figures 29 and 30 are strong evidence for this; so of the pole locus, already described in connectior 
is the twin “caught in the act” in Figure 32. with twinning. By this means the two slip planes 

One other effect of annealing was sometimes were found to be {010! and {110!, the former being 
observed. When a specimen was deformed, sealed up far the more prevalent. Pole loci used in the deter 
in vacuo without repolishing, and annealed, thermal mination are assembled in Figure 4 e short 


etching effects appeared at some of the twins H-shaped marking through the (010) pole refers t 


Figure 33 shows an example. It isnot known whether — single determination whicl 


a sample repolished before annealing would show the — surface method 


effect, which is presumably due to elastic strains lhe slip direction a ited with the (010 
+} 


1¢ CTOSS 


associated with the twins. These would affect was determined by making use of 
surface mobility or the vapour pressure which occurs together th the ordinary 
short Cross slips seen many oTrains 
Cleavage shows an example) are caused by localized slip on 


Fracture of coarse-grained specimens under ten number of planes which are all parallel L commor 


sion generally produced a dull irregular surface. slip direction [8]. Consequenth 


Rarely, small cleavage facets were seen on one grain t1i0n ol the cross slip traces from the main slip t 
in the cross-section. The facets reflected light ove! is the greater, the larger the 
» the (fla cimel 


> 


an angular range of 2-3°. In an attempt to determine direction ts inclined t 


the indices of the cleavage plane, Laue photographs When the slip direction Imost parallel 
were taken with the X-ray beam incident normall surface, the slip lines ar nt and the cross slips 
hecause their traces aré 


on a cleavage lacet. This method failed, however, cannot bi distinguished 


for the surface was so intensely strained that there ilmost pal illel to the mau slip traces. By comparing 


fragments of | the appearance of slip lines on a number ot grains of! 
Debye-Scherrer rings took their place. The numerous known orientation, bearing this in mind, 


that the slip direction must be withi 


were no recognizable Laue spots; 


striations visible on the cleavage facets (an exampk found 
is shown in Figure 34) suggested that the strain was of [100]. Since slip directions are almost 


associated with intensive twinning near the cleavag found to be the closest-packed lattice 


Sections through several cleavages of this sort 100] is this vector in uranium, it was evider 


i 


showed thick twins near, and running parallel to the — the slip direction must in fact be [100]. Fig 


trace of the cleavage. In one case it was possible to made of a grain in whicl 
interpret a Laue photograph taken of a cleaved with the surface, while 
erain some distance from the cleavage, and thus to degrees in the uns shown 


identify the plane of cleavage as (172). Evidently 13 and 14 


we have to do, not with a true cleavage, but with No. satisfactory wa establishing the 
what mineralogists call a “parting.” direction of the }110! slip was found: this w 
This kind of parting is more common than was _ since this knowledge would | f some theoret 


once thought. It occurs with great perfection interest. The closest-packed tion in the (110 
calcite [18]. This has been confirmed by the author, — plane is [112], with {110 he method 
and it was found that the parted surface was used for the predominant sli f cours 
ipplicable here, as there was n ( 11] ror 
plane. Twin-parting has been reported to occur consideration of the relative intensity ot t 110 
slip lines in the few grains of different orientations 


goniometrically more perfect than any true cleavage 


in stretched zinc crystals [19] when the twin bands 
were ‘‘few in number and far apart.”’ It has recently where they were visible, it was tentatively concluded 


been studied in several allovs (Zapffe, private that (110) was the slip direction 


6 
vas made b tne two 
{ 
‘i 
e clit 
953 rhace 
S 
\ 
( 
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The Kink Bands 

The orientations of the planes of the kink bands 
were determined by the pole-locus method, and the 
results are entered on Figure 4. The bands were all 
approximately normal to [100], but, if we make the 
assumption, reasonable in view of the mechanism 
of kinking, that the correct point to take on each 
pole locus is at its intersection with the [100]-[010] 
great circle, the pr sitions of the poles of the planes 
of the bands were all displaced by a small, variable 
angle towards [010]. This displacement was greater 
for bands in which the slip lines were more deviated. 
Thus A and B in Figure 4 are pole loci from two 
bands in the same grain, B corresponding to the 
“stronger” band. Now according to the usual model 
of kinking, the orientations inside and outside 
the bands are related by a rotation of a few degrees 
about an axis lying in the slip plane and normal to 
the slip direction; here this axis is [001 |. The syste- 
matic deviation of the plane of the kink bands from 
being normal to [100] therefore suggest that instead 
of being exactly normal to the slip direction, this 
plane bisects the slip directions inside and outside 
the bands. This would indeed be expec ted, and it is 
in agreement W ith observations on zine and cadmium 


9; 10}. 


It was suggested on p. 53 that the comparative 


readiness with which uranium undergoes kinking 


should be attributed to the inability of twinning to 


relieve compressive stresses in certain directions. 
Some such explanation must evidently be sought for 
the occurrence of kinking in a substance which 
disposes ol three slip planes and 14 twinning planes. 
Referring to Figure 2a, the formation of a lamellar 
twin causes contraction only for directions emerging 
in quadrants AECD or BFCD of the sphere. Accord- 


ingly the regions on the standard stereogram of uran- 
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ium were marked which would be contracted by lamel- 
lar twinning on each of the various possible twins, 
with the exception of the four {121} tvpe twins; these 
were omitted from ’consideration as this type of twin 
only formed with great difficulty. It turned out that 
none of the other twins would cause contraction for 
compression directions lying within the area singly 
hatched in Figure 35. All directions lving in this area 
make fairly small angles with the predominant slip 
plane, (010), and if the direction also makes a fairly 
small angle with the slip direction [100] (say any- 
where within the broader, bottom half of the “‘hour- 
glass’’) the conditions are ideal for kinking. The only 
alternatives would be either slip on (110) or (110) or 
else twinning on one of the (121) type twins. These 
must both require high stresses for their inception, 
in view of their rarity, and kinking is evidenth 
easier. 

It was found that there was also an area such that 
tensile stresses along directions ly ing within it could 
not be relieved by twinning (other than by a {121! 
twin). This area is doubly hatched in Figure 35. 


It is noteworthy that a large grain in a stretched 
specimen, oriented so that the axis of tension came 
at the point, just inside the double-hatched area, 
marked by an open circle, underwent (010) slip only 
and no twinning, apart from some well-formed wide 
1121} 1172} 


This was the grain illustrated in Figures 9 and 21. 


twins and a very few narrow twins. 

Calnan and Clews [21] have used considerations of 
this sort to account for the textures found in rolled 
uranium. 

It would be interesting to study the behaviour of 
single crvstals of certain orientations, in the light of 
these special areas on the stereogram. In particular, 
crystals should be parallel to 


single com pressed 


directions lving in the central, narrower half of the 
as possible 


010 


is indeed 


‘“‘hour-glass’’ area in Figure 35 as close 
to [001]. This would exclude kinking of the 
110), if [110 


latter. The only 


slip planes, and also slip on 
the slip direction of the feasible 
deformation mechanism would then be twinning on 


1121}. 


form ol slip is possible, the strength ot the crvstal to 


Since the resistance to this is high and no 
high. 
010] 


it could only deform by 


such compression should be extraordinarily 


\gain, a crystal stretched approximately along 
should be ver strong, since 


110) or 


these 


slip on twinning on (121). By an obvious 


extension of arguments, polycrystalline rods 


resistant 


and resistant 


with a strong fibre texture should be very 


to compression if the fibre axis is [001 
010 


to tension if it is 


(OOl) (O21) (OlO) 
J 
(130) 
(100) 
URE 35. Relat tw to directi f stressing 
= 
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Effect of Temperature on Slip and Kinking 
Raising the temperature of deformation caused the 
010) slip lines to become somewhat more widely 
spaced and thicker, and the amount of cross slip 
to increase so much that the slip lines become wavy 
(Figure 10). The coarsening of slip with increasing 
temperature is common among metals, generally, 
and the accompanying increase of cross slip is 
paralleled by a similar effect in aluminium [8]. 
Some information on slip at high temperatures was 
also derived from the sectioned specimens in which 
Brinell 
temperatures. Figures 26-28 were made from two of 
and 28 
specimen tested at 550°C, at two magnifications 
In Figure 28, 


orientation from point to point. The large grain A 


impressions had been made at various 


these sections; Figures 27 are from the 


several grains vary markedly in 
reveals this by the curvature of the twin lamellae 
while the grains B and C happen to be oriented in such 
a way that the small orientation differences show as 
differences of colour between several sharply defined 
bands. This suggests that the grains have become 
(Just 


divided into separate kink bands or ‘“‘cells.” 


such behaviour has been observed in hot-worked 


Another striking feature 


polycrystalline zine |22]. 


of Figures 27 and 28 is the irregularity of the grain 
had 
recrystallization. The time at temperature had been 
the 
insensibly into the undeformed regions of the speci- 


boundaries. It is certain that there been no 


too short, and deformed structure graded 


men. An examination of grains B and C, particu- 
larly the former, will show that the boundary irregu- 
with the individual 


larities seem to be associated 


kink bands. The orientation variation and ragged 


boundaries were observed to a lesser extent in a 
specimen thermally cycled between room tempera- 
ture and 630°C, and a Laue photograph of a grain 
in this specimen had spots subdivided into many 
specks, characteristic of a polygonized specimen. It 
little 


effects just described to kinking or to polygoniz ition. 


makes ditterence whether we attribute the 


he two are closely similar phenomena. In the one 
case dislocation groups move under stress alone, in 
high alon 


the other, under that ol temperature 


here we have an instance where both act together. 


That 
other in fragmenting the structure, we know from 
Smith [23 


stress and high reinforce each 


temperature 


Bateman and 
Again, a 
] 


deformation of beryllium 24; 33] 


work of Greenough, 


mention no others. recent study of 


has shown ver\ 
similar behaviour. With temperatures of deformation 


above about 400°C, twinning ceases, and deformed 


FORMATION OF 


grains are twisted in such a way that separate bands 


are visible under polarised light. 


One can only speculate why the observed small 


movements of grain boundaries should occur undet 
the influence of kinking. It may be that when a kin} 


band or cell has been formed, it is denuded of dislo 


cations (except those constituting its boundaries 


and so becomes more perfect, and this would give the 


band a tendency to grow at the expense of a less 


periec c because still distorted, neighbouring orain 


\t the intersection of the boundary of the kink band 


with the grain boundary the latter is effectivels 


pinned down; this is particularly clearly seen at the 


top left of grain B 


Discussion 
he present investigation was undertaken becaus« 
of the unique crystal structure of a-uranium. Our 


main preoccupation in assessing the results will be to 


relate them to the crystal structure. 


he experiments carried out on twinning served 


to determine the macroscopic features of twinning 


in uranium. They do not tell everything about the 


mi roscopit aspect ol tne process, the at tual paths 


taken by the atoms as a twin develops. | his can only 


be studied by drawing a suitable projection of the 


crystal structure, seeing where the atoms start and 


where they finish, and trying to work out the simplest 
way for them to get from one set of positions to the 


other. This will be done tor type 1 and type 


It has been found for 


direction is ilways parallel to lit tion ot closest 
pat kar in the crysl i latt exceptiol 


this rule is tin. Here the pac ked di 


001 is certainly the 
occurs ilso We shall returl 


ceneral, while 


rectiol 
but (O11 
this exception. Among 
metals in 
plane, 
We need onh call to mind tl 
110 112} and }123' 


centred cubis 


1 1 
most ¢ lOSe-p 


metals existence 


imber ol m demonstt 


slip in 
of the comparative lat f the slip plat 


The constancy of the slip direction not surpt 


> 
urgers vect 


This ctor 


some ngent 


is this direc coimel 


the disloc 


mmutable, but with t xercise O 


various mechanisms can be worked out for defle 


ot a dislocation to another plane 


closest-packed 


010) is the 


Metals that the sli 
41 
the he 0 
Tine lit 
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pairs of neighbouring sheets together, giving densely 


pac ked corrugated sheets: these are the “olant 
molecules” referred to earlier and seen in projection 
in Figure 1b. If we were to consider A and B (Figure 
1b) as separate sheets of atoms, the pac king density 
is reasonable to consider the ojant 


held 


there is sli 


would be low. It 
the, ire together 


When 


corrugated 


molecules as unit since 


bonds. ) 


100], the 


covalent 
010 


internally by | 


iwccording to sheets 


simply slip over each other along the line of corru- 
eations. 

he minor slip system with }110{ as slip plane 
has still to be examined. The closest-pac ked direc- 
110 112 110], in that 
order. From stereographic analysis the very tentative 
110} Was 
110 
110] direction is simply a 


3.3 


gentle zigzag 


1 
tions in the plane are and 


conclusion was drawn that the active slip 


direction. On plane it can 


yrojection of the 


| 
he seen that, while the 
itoms regularly spaced at 
112 
spacing, projected along the direction, 
[112 


while 


straight line ot 
direction form a 

would be preterred as being 
110] would be 


our attribution 


preferred 


most lose Dail KeC, 


is not being puckered. If is right, 


t would appeal that straightness Oo! atom rows is 


more important than closeness of spacing. Compari- 


ith tin is instructive here. The most common 


W 


slip direction is (001), and this is both straight and 


losest packed. Occasionally (011) is also found to 
operate. The packing density here is almost identical 
with that along (001), but the atoms lie on a puckered 


110; 
that the slip 


It is interesting to speculate why slip on 


operates so rarely and so very weakh 


lines are scarcely visible. It appears probable that 
this is simply because slip or any plane other than 
010) involves the disruption of the ‘‘giant molecules”’ 
ind consequently the disruption of covalent bonds. 
s silicon, or slip would certainly 


010 


bonds are not so strong as in metalloids such 


be quite impossible 


on any but the plane. 


Vovements in Lranium Twinning 


Atom 


In the elementary crystallographic treatment of 


twinning given in the introduction we were concerned 


only with the movements of the crystal axis: the 


restrictions imposed on the possible choice ol 


twinning elements were due to the requirement that 
the shape and size of the unit cell should be unchan- 


red by the twinning operation. The motions of the 


atoms themselves depend entirely on their positions 
within the unit cell and will not coincide with the 


simple twinning shear unless all the atoms are 
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actually situated at the points of the space lattice 
(and not always even then). This is the case for 
bodv-centered cubic metals, including iron, which i: 
known to twin, and here the atoms have only to 
execute the exact twinning shear to arrive at their 
final positions. In all other substances capable of 


twinning, some of the atoms non-special 


Occupy 
positions in the unit cell, defined by one or more 
parameters. For the hexagonal metals this applies to 
halt 


The atoms ol 


the atoms, and the same is true for uranium. 
these substances will not, then, be 
brought to their final positions by the twinning 
but 


ments, all rather smaller than the mean interatomi 


shear will have to undergo additional adjust- 


distance, to find their correct places in the twinned 
lattice. The only way open to one to determine these 
adjustments is to draw a projection of the crystal on 
the plane of shear (i.e. the plane including 9; and 


normal to A to draw the trace of the twinning 
plane A, across the projection and to move all atoms 
side of A, by 


Then it is only necessary to adjust each sheared atom 


on one the correct twinning shear. 


nearest correct position with respect to the 


lattice, 


to the 


twinned which is derived from the parent 


lattice by means of the appropriate symmetry 


relation (i.e. either Ay, or else the plane normal to 
m, serving as symmetry plane). This sort of analysis 
has been carried out by Mathewson [25] for zinc, 


Barrett 
that 


and by 26] for magnesium. It is important 


to realise the size of these individual atomic 
adjustments will depend upon just where we draw 
the trace of the composition plane in relation to the 
unit cells of the untwinned part of the crystal. In 
making the drawings, the position of the twinning 
plane can be chosen, by trial and error, either (1) to 
minimize the mean distance of adjustment of the 


atoms, or else (2) to make all the atoms move as 


nearly as possible the same distance, or else (3) to 
allow a proportion of the atoms to fall into place 


without requiring any adjustments at all. It turns 


out that the positions of A, which satisfy these 


three conditions do not differ much from each other. 


= (i350 


Provection tor 


310], Ks = (110), n> = [110]) 


Figure 36a is the projection in the plane of shear 
which is (001 
projection, the white ones c/2 above it, 


. The black atoms are in the plane of 
then the 
pattern repeats. The dots to the right of the A, 
composition plane indicate the positions occupied by 
the atoms before twinning, and are simply a con- 
tinuation of the lattice on the left of the composition 


plane. The crosses indicate the positions to which 


be 1 Twins (K, 
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the atoms move in executing the twinning shear, is true whichever group of atoms we consider, from 


while the circles indicate the final position of the which it follows that twinning completely breaks up 


atoms, these being determined simply by reflecting he old covalent bonds and causes bonds 


the parent lattice in A, as mirror plane. The arrows — established between new pairs of atoms. From this i 


from each spot indicate the presumed actual atomic igain follows that the bonding cannot be verv strong 


motions, obtained by vector addition of the twinning p 
rojyecition 
shear and subsequent adjustment. It should be 


noted that all adjustment vectors are parallel to the 


is not worthwhile to study both 


3 twins, for these ire reciprocal 

Johnsen 20| has shown theoretically that if one 
pe of twin is capable of forming bi pure shear 
i.e. Without any subsequent atomic adjustments 

then the same is true of its reciprocal tvpe. It seems 
reasonable extension that the magnitude of adjust 

ments, in the c: »of a twin where thes« 


ra | 


will be about the ior it as tor 
twin. Type 2 was preferred for 
atomic movements have not previoush 
ined for a twin of the second kind. 
Here the pl ine of shear is irrational, but m 


be seen trom Figure 360, it is extremely close to (203 


while this plane in turn is almost precisely normal t 
FicurE 36a. Atom movements, (130) tw 01]. It was thus considered a justifiable approxi 
mation to ie t latti along {201 ind 
plane of shear. The position of the composition plane — treat the resulting projection as being in the plane o! 
was chosen so that all atoms have to adjust their neal is h { n done in | igure 36 
position through about the same distance f th long the [201] dire 
composition plane is moved 0.25 A.U. to the let of atoms before the 
the black atoms would require no adjustments, but} numbered 1-14’, are 
the white atoms would need large idjustments; if the the svmbols listed 
plane is moved 0.25 A.U. to the right, the revers lo avoid confusing 
obtains. The mean distance of adjustment is approx procedure was adopted 


mately the same in all three cases.) All atoms in th toms move bv exe 


immediate vicinity ol the composition plane are ll ire found n the Ippel 


ibnormal positions; this remains true wherever the — plane of shear 


composition plane is placed. In the drawing, atoms 
. little way to the left or right of the composition 
plane have been moved slightly SO as to coin icle 
with the plane; in this way they conform as closel 
s possible to both parent and twin lattices, but 
c<actly to neither. The immediate vicinity of the 
omposition plane must therefore be the seat 
considerable stresses. | la sis propel 
It is instructive to see what happens to the cova justment requu 
lently bound sheets, or ‘‘giant molecules,’ during nearest lattice 
twinning. Two such sheets are indicated in both he exact 
parent and twin by dotted lines joining covalenth been chosen th 
bound atoms. Consider the atoms A, B, C, and D_ the atoms t 
before twinning. B is bound to A, C, D and to the idjustment. It 
atom at a distance c below A. On twinning the mation this also e 


atoms move as shown by the arrows, and asaresult adjustment for all 


B is no longer bound to any of the other four. This — of twin the positior 


Z), 7 312 
4 TORR 7° 
ote ox; Nie > aK 
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PAREN WIN, 
the parent lattice and also the dots 
oints. The twinned lat 
4 the ang | 
ot the ine S nol 
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TRACE OF Ka 


the purpose 
the composition plane have been 
nned lattice, no 
to compromist 


ill 


move them 

adjustments are not 

juarter Ol itoms move 

ibove the 

Diane near, one 
three kinds of 
ele, double and 


corresponding 


itoms undergo 
ments out of the 
the analvsis ot 


ins in other met 


detailed exami! ition showed that thx structural 


distortion in the icinity ol 


ate than for the 130 
those in ver 9’) are j 
fact a periect In ith the ind the twinned 


This 


not related bi 


parent 


lattice is remarkable since the 


would expect to find considerable distortion of the 


the composition plane 


two lattices are 


reflection across K, and in general one 
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structure near the composition plane Ol 


the Set ond kind. 
The behaviour of the giant molecules was again 
investigated. One of these, with its bonds, is indicated 
near the top right of the figure, in the parent. 
lo save crowding the drawing it is not included in 
halt the 


remains 


the twinned lattice. It turned out that 


bonds only are: broken, 1.e., each atom 


bonded to two of its four initial closest neighbours 


121), 7 311 


No projection was made for this tvpe of twin, as 


its identity had not been established beyond all 


doubt. It 
plane of shear is very close to a rational plane. It is 
103 


is, however, striking that here again the 


estimated to be within 4’ of , and perpendicular 
to 1101 
the pseudo-hexagonality of the structure about the 


to the same approximation. (This is due to 


bh axis.) It is noteworthy that for all four types of 


twins, the plane of shear, and the lattice direction 


normal to it, are coincident with or very close to 


rational lattice elements. 
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it all critical. For 2 twin 
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the pl ( she ()ne 
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The Choice of Twinning Elements 


It is hoped that the present observations may 
contribute to answering the question: What proper- 
ties of a crystal determine the indices of the opera- 
tive twinning elements, and whether twinning occurs 
at all? 

It is fruitless at the present stage of our knowledge 
to do more than to make some empirical generali- 
zations, which should provide a touch-stone for the 
validity of any general answer to the question (such 
as may perhaps be hoped for by an extension of the 
dislocation treatment applied to twinning in iron 
by Cottrell and Bilby [27]). The following generali- 
zations can be made with fair confidence: 

1. Whether a twin is of the first or second kind, 
or compound, the plane of shear and the normal to it 
ire simple rational elements or very close to being so. 
This is based on an examination of a compilation ol 


ill known species of mechanical twin [28], together 


with the data for uranium. Only two minerals were 
found for which the divergence was more than a 
remains to be seen what tl 


few minutes of arc. It 1¢ 


theoretical significance of this generalization is 


2. The shear is always quite small. The largest 


known is that in iron. The angle 2¢ between A, and 
by more than 20°. It is 


like 


relatively 


K. never differs from 90° 


noticeable that substances iron and uranium, 


and many minerals, with shears, 


produce only thin twin lamellae, while metals like 
tin and bismuth which have small shears, produce 
thick ones. Perhaps this correlation is significant, and 
twins for which 2¢ < 70° could never grow be 
submi roscopii dimensions. 

3. There is some evidence that the 
part in determining 


29]. No data are 


king this for 


plays a 


elements ivailabl 


che uranium. 
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The evidence presented above shows 


either swell 


bsorption Oo} 


lametlae in uranium can or 


the matrix. 


] 


ibsorbe d bi 


innealing has been reported to occul 


30], zinc [31], bismuth [32], 
nitrate [34]. All 


absorbed completely in beryllium. Swelling of twins 


sodium twins ire eventually 


sometimes occurs in iron [30; 35] and zinc [31 


There is evidence that swelling of a twin requires 


that the matrix should have been further strained 11 


slip after the twin was formed, which would leave 


the twin with less strain energy than the matrix 


This is in line with the absence of twin swelling in 
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beryllium, which can only slip with great difficulty 


it room temperature. The analogy between twin 


ibsorption and _= strain-induced boundar\ 


YTaln 
migration, pointed out earlier, then applies also to 
the swelling ol twins. \\ hethet absorptio1 swelling 
occurs is determined by the relative st; 


Phese 


point to point in a grain 


ites Ol strall 


of twin and matrix may varv greatly fron 


ind here we mav find the 


both 


single rain ol 


explanation for the occurrence ol bsorptions 


and swelling in inium (cf 


Figure 30 


Chese processes aeserve more svsten tr 


stud, 
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Conditions for Two Twin Lamellae to 
Intersect Each Other 


nd S. D 
nave De 
\lunro for 
tus of his aesigi the 
the B.N.F.M.R.A.. wh 
se of this work. This paper is 
of the Director. A.F.R|] 
oe 
explained on p. 58 an Fioure 23. Thi 
bervlliun 33 nd We divide the ossible an 
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Case i). The Crossed Twin (| O/ the First Kind 


Figure 37a is stereographi projection ol the 


parent grain with the pole of the 
B Kip 


twinning plane of A. 


twinning plane of 
centre. Let A 
Phen Aie, 


is located as shown. 


it the be the pole ot the 
the pole of the twin- 
Che traces of 
AY. 


in\ combination 


ning plane ot ¢ 
mm Ais are 
(ondition 1 is therefore satisfied for 

\ and B, 


If the shear 


Ay, and both parallel to 


whatever their indices 


direction of A hes in as 


then will coinci moreover, 


same indices, 


herefore have 


he same \ mndition 2 above 


shed. It were anvyv\ se, for instance 


n Figur 


in the heures 


not the Intersectiol 


ould 
would consequ ntl not he possil 


ould 


d rection ol 


ppeal if the twinning 


\ wer 


would be 


ind shx both normal to 


in intersectio1 possible This spe ial 


lluson however, bec use the sense ol 


ise is 


reversed in the secondar’ twin its composition 


moves the same sense as does that of the 


twin during their joint development (as 


rossil 
Crossing 


must surely be the Cast 


\We find, 


kind, and independently of the nature or indices of 


that when Bisa in of the first 


\. fhe condition jor an intersection fo be po Die 18 [Hat 


paraile 


of the Second Kind 


| igure 37b is projec tion is in the previous 
For in arbitrar\ position ol AK », We obtain 


rotation about :, (which is equivalent to reflection 
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K,, and Aye intersect 
say, XY 


respectively, in the general case, and condition 1 is 


in a plane normal to mz 


Ki, along traces parallel to, and 


evidently not satished. If, however, the pole of Ay, 


lies anvwhere along the oreat circle ced (e.g. at 


the 
are both parallel to ab and therefore to each other 
Similarly, 


(e.g. at 


then traces of K’,, and K';c in Ky 


if Ay, lies anvwhere along the great circle 
Ger the 


K’';¢ in Ky, are both parallel to cd and therefore to 


then traces of A’’;, and 
h other. 

We shall examine condition 2 for the two distinct 
cases just mentioned. 
Ki 


ced. At first sight condition (2 


(a) Poles of Ay, and lving on great circle 

is satisfied if NA is 
parallel tO Nip, because then Nic will also be parallel 
to ms. However, the same objection applies as 
above, that the sense of shear will be reversed, and 
no intersection is possible 


(b) Poles of Ay, and Ky, 
sight condition (2) is satisfied if 9), is parallel to cd 


lving on aeb. At first 


\gain, however, the same objection applies, and no 
intersection is possible. 

Thus no intersection is possible at all, at least if 
A and - have the same indices. To make the objec - 
tion regarding reversed shears clearer, A» poles have 
been inserted in Figure 376 for case (a) above. If an 


not only would A’ 


and 


which shows in perspective the situation 


this 


intersection were pr yssible, 


and 


Figure 37 
wure O/C, 


coin ide, but K’ would also. 


tor case h, is also intended to clarify point 


If twin A starts as a thin lamina coinciding with PQ, 
then C will be a lamina along QR. A must grow by 
he process of one of its two boundary planes moving 

it reaches P’Q’. Then 


would have to develop in the same way, till one ot 


par lel to itself, sav till 
its boundaries reached Q’R’. But in the process, the 
parent crystal to the right of P’Q’ is sheared in the 
sense X, while twin B to the right of Q’R’ is sheared 
in the sense Y. This means that C cannot develop 


bevond the stage of a very thin lamella. 


It remains to consider what happens when the 
indices of A and C are different. The important point 
here is that 7m general the condition that the magni- 
\ and C, 
be satisfied in this case. The only exceptions to this 
A and C are 


but the same type, e.g. (AR/ 


tude of shear must be the same in will not 


are (i) when twins of different indices 


and (hkl), or (ii) when 
\ and C belong to re¢ ipre cal twin ty pes. Where these 
exceptions occur, it is in principle possible to have a 
situation where the objection about reversed sense 
intersection 


of shear does not apply and an may 


occur. Just such a situation in fact turns up in the 
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Case (ii). The Crossed Twin (B ee 
Cast 
by 
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see pp. 58-59). However, this is nothing short of an 


type twins in uranium 
extraordinary coincidence and it may be doubted 
whether anything like it will be found in any other 


substance. 
APPENDIX II 
Crystallography of (172)-(172) Twin 
Intersections 
The key to these intersections is to be found in 
Figure 24d. Here (172 


in this instance we can distinguish which are the 


twins are crossing (172) twins 
crossing twins). It will be noticed that at a number 
of intersections, a (172) twin splits into two separate 
secondary twins where it abuts on a broad (172 
twin. This was found in no other grain, but is quite 
distinct here. Stereographic analysis showed that, 
of the two secondary twins, the one which is deflected 
(172). 


are referred to the crystal axes within the crossed twin 


with respect to (172) is (Underlined indices 
The undeflected secondary twin, on the other hand, 


(Both 


were obtained by drawing pole loci for the secondary 


proved to have indices (112). these indices 
twins on a stereogram showing the orientation of the 
lattice in the crossed twin.) Thus, in the usual case 
of an undeflected secondary twin in these intersec- 
tions, the secondary twin has different indices trom 
the crossing twin. At first sight this would seem to be 
incompatible with our two conditions, but detailed 


analysis (Appendix |) shows this is not so. 


Kie= (U2) 

of twin 
with / 


Kalli2) 


illustrate 172)-(172 
Nie 


The common plane of shear is the pk 


FIGURI 


sections, 


38. Stereogram to 
K 74 and 
vithin 8’ of are 


the papel 


respec tive lv. 


igure 38 presents the situation. The stereog1 
is projected so that the plane of shear (ctf. p. 50 
the crossed twin (A, 172)) lies in the plan 
and (112 


direction [312], which are also drawn in, 


the page. The poles ol and the 


lie the 
plane of shear of the crossing twin (A iZ 

he important point here is that the two planes ot 
shear coincide within about 1° (see Figure 22), so 
that to a close approximation it Is permissible Lo 


place all these poles and directions on the primitive 
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The other poi 
[312], are 


almost exactly 


circle of the stereograms. 
is that the angles (172 112 
found by calculation to be 
respectively 48°19’ and 48°11’ 
it follows, as 
312] 
make practically 
312}. 
The intersection we 


(172 


equal 
From these facts 
is made clear in Figure 38, that n 
and yn; of a twin which has A 112 


equal, but opposite, angles with 


s indices thus 
Ki 


irrational lo obtain the 


are ussing ha 
Kip 172), me 31 
[312], Nic 
position of nic, We rotate 7; of the (112) twin through 
180° about [312] 


is of the second kind and this is its shear direction 


as axis (because the crossed twi 


Phen we find that n,;- and n,, coincide within a few 


minutes of arc. The stereogram shows that, to a close 


approximation, (1) the traces of A and Aye 


Ai, are and normal to the plane of the 


parallel 


projection 2) ns and Nic are pal illel, (3) the shea 


is the same (exactly) in twins A and C, because the. 
ire reciprocal to each other, (4) the sense of shea 


A and ¢ and A 


are very nearly parallel, which agrees with observa 


is the same in In addition A 


tion. All the conditions necessary for a twin interse 


tion are thus satished, in spite of the fact that 


crossing and secondary twins have different indices 
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A NOTE ON TWINNING IN ALPHA-URANIUM* 
F. C. 


Che crystal structure of a@-uranium resembles that of zinc but has lower symmetry. Comparison 
of the two helps to classify the twinning modes of the more complex case. The lowering of the sym 
metry gives rise to new twinning modes in two ways: because the reciprocals of some of the zin 
modes become distinct twinning modes of the second kind; and by the operation of Mallard’s law 
iccording to which each lost symmetry plane may become a twinning plane. Most, perhaps all, of the 
twinning modes of uranium are thus accounted for. Among reciprocal pairs of modes, the twinnin 
of the second kind seems to be the easier: the reason for this is discussed. 


LE MACLAGE DANS L’URANIUM ALPHA 


La structure cristalline de l’uranium @ ressemble a celle du zinc, mais a une moins haute symétrie 
La comparaison des deux aide a la classification des modes de maclage de ce cas qui est plus complex 
L’abaissement de la symétrie donne lieu 4 de nouveaux modes de maclage pour deux raisons: premiére 
ment parce que les réseaux réciproques de certains modes dans le zinc deviennent des modes de maclage 
distincts de seconde espéce, deuxitmement parce que suivant la loi de Mallard, chaque plan de 
symétrie qui cesse d’en étre un, aprés l’abaissement de celle-ci, peut devenir un plan de maclage 
C’est ce qui explique la plupart et peut-étre méme tous les modes de maclage dans l’uranium. Parmi 
les paires réciproques des modes, le maclage de seconde espéce parait étre le plus facile; la raison de ce 
phénoméne est discutée. 


ZWILLINGSBILDUNG IM ALPHA-URAN 


Die Kristallstruktur des a-Urans ist der des Zinks ahnlich, hat jedoch niedrigere Symmetrie. Der 
Vergleich der beiden Strukturen hilft die Zwillingselemente in dem komplizierten Fall zusammenzu 
stellen. Die Erniedrigung der Symmetrie gibt aus zwei Griinden Anlass zu neuen Zwillingselementen 
E:rstens werden die Reziproken einiger Zwillingselemente zu definierten Zwillingselementen zweiter 
\rt. Zweitens ist Mallard’s Gesetz anwendbar, wonach jede beim Ubergang zu niedrigerer Symmetrie 
‘verlorne’’ Symmetrie-Ebene zur Zwillingsebene wird. Vergleicht man reziproke Elementpaare, so 
scheint die Bildung von Zwillingen zweiter Art leichter zu erfolgen. Die Griinde werden diskutiert 


Introduction Thus a-uranium differs from zinc mainly by an ex- 
Cahn [1] has determined the twinning modes ot paneer along the b-axis of the orthorhombic cell 
a-uranium. The purpose of this note is to compare Phis lowers the sy mmetry, lor W hereas we can take 
them with those of zinc, since there is a certain re- “5 of three orthorhombic cells for zinc, with axes 
< as SS Z ¢ 
semblance between the two lattices. To prepare the rade ited wees ly through I , only one of the 
is or -uranium, » other two ar 
ground for this, the next three sections are devoted ee in a-uranium, and the other two ar¢ 
firstly to a comparison of the crystal structures, and nocuni 
secondly to a discussion of reciprocal shears and Reciprocal Shears 
twinning modes, differing somewhat from previous - ; 
\ general shear of given magnitude (incorporating 


treatments. 
transiorms a 


} 
il 


an arbitrary amount of rotation 


Crystal Structure sphere into an ellipsoid of the same volume and wit 


The crystal structure of a-uranium is approxi- 
mately described as deformed close-packed-hexa- 
gonal. In the orthorhombic cell of a-uranium we 
have 

a:b6:c=1:2.06:1.73 
itoms at 
(0, 0, 0) (2 


(0, 0.21,3) (3,: 


with 


+ 0.21 1) 


while in the orthorhombic cell of the typical hexa- 


gonal metal zinc we have 
@a:0:c=1 
with atoms at 
(QO, O, O) 


(0, 4, 4) 


*Received August 13, 1952. ' 
+The H. H. Wills Physical Laboratory, University of Bristol, 
England. 
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one principal axis equal to the diameter of the sphere 
Chis ellipsoid has just two diametral cross-sections 
which are circles of the same diameter as the sphere 
hus there are just two planes which remain un 
distorted (though, in general, rotated) as a result of 
ks in the original body, 


ky’, ko’ in the body after shear. If 2¢ is the smalle: 


the shear. Let us call these ky, 


dihedral anglet between k; and kz, the effect of 
shear is to change this angle to (r — 2¢) so that the 


} 


smaller dihedral angle between k,’ ) 


and k Z£Q as 


before. ¢ is related to the magnitude of the shear, 
by the equation 
s = 2 cot 2¢ 

tThe reader unfamiliar with 
the factor 2 is introduced here 
shear transforms g 
similar “‘reciprocated”’ one, the edges p 
respe¢ tively. The ratio is tan ¢ 


a certain rectangular 


21.86 
2,0 
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Varying the incorporated rotation, the general shear 


may be reduced to a simple shear in two alternative 


so that either 2,’ 


remains coplanar with k». In_ these 
ntroduce new designations A, and A» for the un- 
Either 

K,=k, Ko= ke, K 
orK, =k. =k-, Ke = ki, Ke’ = ky’. 


\lineralogists, discussing deformation twinning, are 


distorted planes. 


iccustomed to call two simple shears, related to 


each other in this manner, reciprocal. 


rotation of the second 


— 4¢ 


In either case the un- 


distorted pl ine is (r 


Twinning Shears 


We have bee n discussing homogeneous shears ol 
We 
ipplied to Cry stal lattices. We shall suppose that the 
to ky and ky 


rotation. The plane normal to it is called the plane 


bodies in general now consider such shears 


direction, A, common undergoes no 


of shear, S. Two Cry stal lattices are equivalent if 
there is equality between the lengths and mutual 
ingles of three independent pairs of lattice vectors, 
one from each lattice. Now, since the two undistorted 
planes make the same angles W ith ore &' h other before 
follows that 


and atter shear, it {wo independent 


them (say k,) and a third on 


b 


yr will regenerate an 


lailice vectors lie in one of 


the intersection of the other th the plane of shear, 
then the shea 
is called 


The 


primitive generating vectors of the lattice: but the 


altice. 


equivalent 
twinning shear 


lattice vectors concerned need not be the 


higher their indices in the primitive reference 


svstem, the larger the number of atoms in the unit 


cell 


itoms which must undergo inhomogeneous motions 


they define, and the larger the proportion of 


to come to an equivalent crystal structure. Such 
nhomogeneous motions are unavoidably associated 
with twinning shears in some crystal lattices, i.e 
those with 
cell. 
When the spe hed conditions are fulfilled, k, is 
rational pl ine: Rk 


Now let the 


way that the shear is a simple shear with 


more than one atom per primitive unit 


| eed not be. 


iated rotation be chosen, first, 


iSSOK 


the inrotated pl ine A ki=k 2 ‘| his 1s said to be 


twinning shear of the first kind. Then the lattice 


vector y, Ilving in the intersection of ks with S 


becomes y’ after the shear, and y’ together with 


] 


attice vectors lving in A, define a unit cell which 


the 


that K, is a reflection plane between parent and twin. 


two 


corresponds to origin il one reflec ted in K . wo 


Sec ond y; let the 1 ited rotation be chosen so that 


RGICA 


remains coplanar with k; or 


cases We 


VOL 


1953 


the shear is a simple shear with the unrotated plane 
A, 


the first by a rotation 7 


= k.’. The second orientation differs from 
= 4¢. There is therefore a 
mirror plane between the two lattices, containing A 
1 


ind making an angle 47 — 2¢@ with A,:i.e., making 


an angle a with A» = k;. Now, in the general case 
that K; = 


he 


[W191 


is irrational, we are said to have a 
of the second kind. In either case Ay, the un- 
rotated plane, is the habit plane of the twinning 
mode. 

We have already defined a sufficient number of 
twinning elements for a full specification: however 
it is also convenient to make use of 7;, the intersec- 
tion of AK, with S, and mo, the intersection of Ke with 
S. For a twin of the first kind n2 corresponds to 4 


Any 


suffixes chosen from Ay, Ko, m, 


above, and is rational. pair with different 
n» serve to define 
the situation. Alternatively one may use Ay, 9; and 

or @). For a twin of the first kind A, and n» are 


kind AK» 


are rational. If three of these elements are rational, 


rational: for a twin of the second and n; 
it can be shown that the fourth is also. 

It may be noted that we have synthesized the 
theory of deformation twinning, rather than ana- 
lvsed it. That is to say we have constructed a twin- 
ning deformation of a fairly general kind, but we 
have not shown that every twinning deformation 
must conform to the system defined. This criticism 
applies to all treatment of deformation twinning 
known to the writer. It seems very difficult to prove 
necessity as well as sufficiency, when inhomogeneous 
atom movements have to be tolerated. Nevertheless 


all 
the 


the system defined above appears to cover 


known kinds of deformation twinning, and 
lattice vectors involved in defining the system are in 


fact always of relatively low index. 


Comparison of the Twinning Modes of Zinc 
and Alpha-Uranium 
The twinning modes of zinc are 6 in number, and 
ll equivalent. In orthorhombic coordinates they are: 
Ky kK 
011 011 011 
011 O11 011] 
112 112 312} 
112 112 
112 112 
112 112 


Successive pairs of these are rec iprov al to each other 


When the symmetry is lowered in going to the 


a-uranium lattice, only the first two of these remain 


t reciprocal pair. The reciprocals of the other four 


become a distinct new set of twinning modes 


i, 
| 


FRANK: TWINNING 
equivalent to each other but distinct from the rest. 
They are now of the second kind. The lowering 
of the symmetry also introduces another possible 
and probable) twinning mode, arising from the loss 
of symmetry planes, in accordance with ‘‘Mallard’s 
law’ [2]. There are four planes of reflection sym- 


metry in zinc, one basal and three axial: (001 


100), (130) and (130 


In a-uranium the first two are still symmetry planes, 


in orthorhombic coordinates. 
but the second two are planes of pseudo-svymmetry 


which may be expected to function as twinning 
planes. Their reciprocals are also distinct, and thus 


We 


could anticipate hypothetically 14 twinning modes in 


able to furnish two more twinning modes. 


a-uranium, of 5 distinct types. 
We tabulate them: 


K l K » 1 


may 


multi- 
phic ity 
\(011] 2 
312] 4 
[312] 4 
(130) (110) 1310} 1110] 
(110) (130) 1110} 310] 


Asterisks signify irrational indices. 


011 (O11 011] 
112 
(112) 


The modes actually observed in a-uranium corres- 
pond only in part to these. They are: 
Ks multi- 
plicits 
4 
(112) 4 
110) | ) 


“(141)” 4 


(112) 
(130) 
(121 


Symbols shown thus, “| |’, signify approximations 


to irrational indices. Thus in fact three of the 
anticipated five types are found. Two are missing, 
and another which we did not anticipate is found 
one, (121), 


we could anticipate its reciprocal, but this is also 


occurs only rarely. Having found it, 
missing. The missing types, with habit planes (011 
110 141)" are 


since Cahn found 6 twin traces which could not be 


and not necessarily all absent 


iwccounted for in terms of the four identified ty pes 
011 


to the large shear it would involve, namely 


The absence of the type is explic ible ow Ing 


DiC — ¢ 


compared with the shears of its observed pseudo 
112) and 172 

(121) mode, 0.329, 
large, and this may sufficiently explain its rarity 
on 


equivalents, the tv pes, 0.228 


is also fairl 


The shear of the 


and the apparent absence of its reciprocal the 


other hand the (130) mode (with shear 0.299 


IN ALPHA-URANIUM 


fairly common, and the failure to find its reciprocal 
seems to require another explanation 


Perhaps the most interesting observation we can 


make is that, of the reciprocal pair with twinning 


tne la 


‘(172)", it is 
predominates, while of the hypotheti 
110 130) it 


with higher indices which is observed. It 


planes (112) and tter which 


al pair with 


twinning planes and is only the one 


suggests the 


possibility that boundaries between twins may 


be relatively immobile when they correspond to 


( lose-packed planes deformation 


processes cls 
solid recrystallization 


(121 


too rare 


they are known to be in 


processes. The case of the twins seems to 


make an exception, but it is 3 observed 


examples) to establish a strong statistical case. 


It is quite possible that a rule of this kind may 


apply in metals, without having been noticed betore, 


since few thorough studies of twinning have been 


made in metals of low svmmetry: and, as we hav 


noticed in the c: of zinc, the etfect of higher 


symmetry is to group the twinning shears into 


reciprocal pairs with equivalent rational twinning 


planes. 


The alternative rule suggested by Cahn derives 


irom noticing that the irrational planes of shear S 
and directions \ common to the two undistorted 
planes, are closely approximated with simple rational 
These facts, together with the 


the 


Irom 


indices. approximat 


tually 


a-uranium ¢ 


rationality ol habit planes, result 


simultaneousl\ the fact that in 


chances to be very close to \ 3 Phe suggestion Is 


ionality of 


Pabulat 


inti ipated 


that it is the approximate simple rat one 
or other of these which facilitates twi 
S and } the 


unobserved, twinning types of a-uraniun 


observed, ind 


hy 


we h ive 


Habit planes 
112 
130 
121 
011 


he underlined examples 
Phe rule Ss 


ati Ips to dis rimimate he tweel 


us types, al 
contribute lishing 


evidently cannot 


tween the relative 
shears. In ph Sik 
rules would appeat 


tion and propagatior 
itional, habit plane 

to relativels 

t, and so possibh 


time, ) 


203 201 ‘ 
O01 
103 10] 
100 100 
{ s Rat or neat 
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successive equivalent locations of the contact plane, 


displaced parallel to itself, they may hinder the 


propagation of twinning. It will therefore be inter- 


esting to see whether either of these rules can be 
found to hold in other metals of low symmetry. It 
will also be interesting to ascertain whether any ot 
the missing anticipated modes of twinning can be 
established in a-uranium. 

Dr. Cahn contributes two comments to the fore- 
that the (121 


established with complete certainty, 


First twinning mode is not 


going. 
and two ol the 


three twin traces which he attributed to (121) twins 


RGICA, 
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1953 


are actually more accurately compatible with the 
habit (110). “(141)” 


twinning is of course dependent on the assumed 


plane The anticipation of 
realitv of the (121) mode. Secondly, that there is 
some support for the rule that for a pair of reciprocal 
shears, the plane of higher index is the preferred 
habit plane, in the behaviour of tin and bismuth. 
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FREQUENCY OF ANNEALING TWINS IN COPPER CRYSTALS 
GROWN BY RECRYSTALLIZATION* 


W. G. BURGERS, J. C. MEIJS, and T. J. TIEDEMA?t 


Che present paper describes experiments set up to show that the freque 

recrystallized metals depends on the orientation relationship betwec ' matri 
texture. It is shown in particular that growth of a crystal in a “bent”’ ip, in whicl ibo 
mentioned relationship is altered, may influence the number of its 
be understood on the assumption that a twin-formation is easiest if ; 
lattice domain in the matrix, which lies closer to its twin-orientatio1 


ve 


LA FREQUENCE DES MACLES DE RECUIT DANS DES CRISTAI 
PRODUITS PAR RECRISTALLISATION 


Cet article décrit des essais établis en vue de montrer que la fréq le 1 
des métaux recristallisés dépend de la relation entre l’orientation du cristal 
matrice. En particulier, il est montré que la croissance d'un cristal dans ut 
plié, c’est-a-dire quand la relation mentionnée ci-dessus est modifiée, peut conduit ne modifica tic 
du nombre de macles. Les résultats obtenus peuvent étre compris, si on admet que la format 
mac les est la plus facile, lorsque le cristal en croissance rencontre dat 
réseau dont l’orientation se rapproche plus de l’orientation de la macle qu 


ion d 


DIE HAUFIGKEIT DES AUFTRETENS VON REKRISTALLISATIONS-ZWILLINGEN 
KUPFERKRISTALLEN, DIE IM REKRISTALLISATIONSVERFAHREN GEZUCHTI 
WURDEN 

Die vorliegende \rbeit beschreibt | \perimente, ll Z Ze 
Haufigkeit des Auftretens von Rekristallisatio illingen in rekristallisiert Metall 
Orientierung des wachsenden Kristalls in Bezug au | fiiges abhangt. Spezi 
gezeigt, dass Wachstum eines Kristalles einem t 
oben erwahnte Beziehung der Kristallorientietr 
Anzahl der Zwillinge andern kann. Die experime 
verstehen, dass die Zwillingsbildung dann am k 
Kristall auf ein Kristallgitter im Gefiige stésst 


eigenel 


Introduction 


crvstal comes into contact with its nucleus, 
Recently considerable thought has been given to supposed to be a_ lattice Data sige of the 

the formation of annealing twins in crystals of face matrix. In connec wit : the observed 

centered cubic metals grown by recrystallizatior — relationship existing between 

Various causes for the formation of such twins aré t was thought possibl 

suggested of which we mention saath dislocations 
1. The conception of Maddin, Mathewson and PY Mutual 

Hibbard [1]: annealing twins in ftace-centered cubi opposite 


cause 
metals may arise from preformed nuclei which can 


be described as twin faults produced by the first ittice Goma 
movement of a two-stage slip process 

2. The assumption of Fullman and_ Fisher 
annealing twins form during grain-growth as 
result of a decrease in the intertacial free enere’ 
erain boundaries that would not be achieved in the 
absence of twinning. 

3. The growth fault hypothesis of Burke 
annealing twins are produced by 
erowth 


} Phe stimulation process propos 


4] |: In this case the assumption is made that 


erowth of a “stimulated” crystal start 


ment that an already growing 


*Received September 19, 1952 that eithet 

t+Laboratory tor Physical Chemistr Pechni 
Delft, Holland. T. J]. Tiedema is Associate worker of tl cl ; 
Foundation for | damental Research (F.O.M rowth faults 


which ( 
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C1 ithedral poles ol 


stereo raphi 


projections Ol 


the cubic orientatio ire indicated 


rientation as mentioned under Figure | Figure 4 


Figure 5 lhree crvstals having nearly the 


g wedge-shaped twins with the same orie 


gure 8. @ orientation of that part o 


relationship, whereas in the case of (4) the number 


of lattice regions in such positions that they can be 


“stimulated” to exact twins by the growing crystal 


] 


vy depends on the texture of the matrix. 
Phat twin abundance actually depends on such 


factors is supported by the occurrence of large 


differences in twinning frequency between various 
crystals grown in copper plate by secondary recrys- 


tallization [9]; and also by the fact that the abun- 


dance of ‘stimulated crystals” in primarily recrys- 
tallized aluminium plates is considerably different 
6]. The 


present investigation was to make 


for various test-pieces purpose of the 


a further test of 
the influence of the orientation relationship between 
growing crystal and matrix texture: (1) by studving 
the frequency of twinning in crystals which possess 
different orientations with respect to the primary 
texture and (2) by using the method of growing a 


ervstal ‘‘round the corner’’ 


as applied by Tiedema 
10| for the preparation of aluminium crystals with a 
regard to the surface 


11]. By 


relationship between growing crystal and 


definite orientation with 


direc tions ol the test-pier e this method the 


natrix texture is changed during recrystallization by 


neans Ol a bent in the test-piece. On the basis ol the 


foregoing we may expect that owing to this change in 
tion relationship the number of twins will be 


t at both sides of the bend. 


Experimental Procedure 
old rolled « oppe! sheet of a thickness of 0.2 
nd a rolling degree of 97 per cent was used in 
experiments. From this sheet strips ire cul 
i width of 1 cm. 


ith 


and 


cm 


length of about 


oO] strip coincides \W rolling 


linal direction 


direction of shee 


| he strips are innealed by p 


them through a turn at a rate of 3 cm/min. ata 


temperature This produces a material 


the octahedral poles ot copper cryvst ils STOW! 1 ¢ 
bv la 
Six ervstals having almost the same orientation as crystal A of 

same 
ntatiol 


‘ 
‘ 


ubic texture sheet. The 


rge open circles. Figure 2—Eight crystals having the 


Figure 7—Three 
Orientation of 
showing 


ntation as crvstal B of Figure 3 
as the crvstal of Figure 6 Figure 9 
orientation of the part 


ori 


rvstal showing a few twins 


with a fairly sharp cubic texture (spreading about 
10° 


either by passing the strips immediately through the 


material is converted into single crystals 


same furnace at a rate of 3 cm hr. at a temperature 


of 930°C or by stretching the strips plastically by 2 
per cent and then passing them through the furnace 
at the same rate and temperature. 

To change the orientation relationship between 
growing crystal and primary texture during recrys- 
tallization, part of the strip is bent with a radius ot 
5 cm. over a certain angle before the second anneal- 


ing is applied 


Results 


\ large number of crystals were investigated. 
They show many appearances of annealing twins and 
it is for the moment not possible to correlate all 
results. The following facts are, however, definitely 
established : 

a) it 


cases observed the twin plane is that (111)-plane ot 


a crystal shows twins, in by far the most 


the growing crystal which is most nearly parallel to a 


111)-plane of the cubic texture (if not, then a 


111)-plane is chosen which is more perpendiculat 


to the surface of the foilT 


b) Crystals with an orientation which can be 


texture by approximately a 


An 


) 


derived from the cubi 


111]-rotation over 30° contain many twins. 


natural size); Figure 


he 


example is given in Figure 1 


shows in stereographic projec tion positions Ol 


eight crvstals having this orientation 


c) Crystals with an orientation which can be 


derived from the cubic texture by approximately a 


111]-rotation over not more than about 15° show 


none or only a few twins. This is demonstrated by 
rved 1! large cT\ 
recryst illizatior l 1¢ kel iro 

re (Burgers, Hdb.d.Metallphysik (1941), IT] 

t ind IR ithe iu, Philips Res Rep 4 I 


also ireqd enth gTOW 
with cubic 
<, pp 375, 
G49) D4] 


sters 
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crystal A of Figure 3. Figure 4 again gives a stereo- 
graphic projection of the orientations of six such 
crvstals. 


(7d) Many 
111)-plane nearly parallel to the surface of the foil 


twins are observed in crvstals with 


These special crystals differ naturally largely in 


orientation from the cubic texture, but appear to be 


twins to the crystals mentioned under (c). Crystal B 


of Figure 3 is an example. The orientation relation 
ship between three such crystals and the primar 
matrix is given by Figure 5. 


e) Whereas most twins have straight parallel 


sided boundaries, ‘‘wedge-shaped” twins occur in 


lew cry stals, and these cr\ stals h ive all nearly the 


same orientation. Figure 6 shows an image olf 


crystal containing these wedge-shaped twins; Figure 
7 gives a stereographic projection ol their orienta 
tions 


(f) In using the method of growing a definite 


crvstal ‘‘round the corner’”’ it is observed in several 


that the frequency of twinning is different 


Cases 


‘before’ and “after’’ the bend. This is demonstrated 


by Figures 8 and 9. Figure 8 gives an image of such 
crystal, the bent region being seen at the right 
Figure 9 shows the orientation relationship between 
texture before and after 
th it 


there are more twins in that part of the crvstal fc 


the crystal and the cubic 


the bend. The dependence is apparently such 


which a (111)-plane is more nearly parallel to 
111 
If, however, the original cr\ 


111)-pole of the cubic 


Ver\ 


-plane of the cubic texture. 


stal does not ] 


\OSSESS 


111 -pole ( lose toa 
the frequency of twinning does not differ 


at both sides of the bend. In this case it is practically 


t 


impossible to decide whether the orientation of the 


crvstal has become more favourable for twinnin 


~ 


not For this reason these crvstals Nave beet lett 


out of consideration. 


Discussion 
\ possible explanation of the observe d phenome I 


following. Starting trom the statemet 


12 
that 


might be the 
by Bowles and Boas see also Cook 
13] and Burke [3] 
111)-planes of the g1 
that (111)-plane wl 


i rotation about its normal from that 


th takes plac 


rowing Crvs 


rapidly on the 


and esper ially on differs 


only by 


1s 


primary texture, it is understandable that tw 
(111)-plane. This is true 


and 


usually formed on this 
least for the crvstals mentioned under (4 
With 


account for the formation of twins during recr 


this in view, the following mechanism ma‘ 
stal 


lization. During their growth, crystals as mentioned 


ING TWINS 


meet 
111)-plane ‘arly 
stal 


under (6) and numerous 
which 


111 
the 


| JOSSCSS al 


plane of the crowing cr Depending ol 


atter of the primary texture such latticé 


n orientation tl 
We 


LSICT 


regions May lie closer to the cw lan 


the orientation of the growing crvstal. issume 


that under these conditions it is e; for the 


crvstal to assimilate this lattice domain 


orientation, and, on continued growth of er 
domain, to start 


We shall 


presented in the 


now consider the experimental results 


loregoin tion under irom 


this point of view 
the 30°-|111 
tal would have a s\ 


+} 


ol rotated crvstals 


4+) a twin of such a crvs m 


metrical orientation with regard to cubic texture 


it can be derived irom the mother crystal bi 


iS 


60°- 111]-rotation. Consequently only a weak itter 


of the cubic texture over about 5° in a direction 


‘‘opposite”’ to that of th growing crvstal is needed 


ibove-ment one ‘a ( ondition necessary tor 


\s 


ind SO these cryvst ils CONSISt 


to fulfil the 


twinning a result twinning will occur frequently 


half thei 


volume of rather small twins 


Reasoning along the same lines. the 


rotated stals Case ¢ 


Opposite 


n the 20° about 


primar 


- the formation rts devi 


so much from th rather 


present 


their growth, 


\ 


\n analogous view 


\.1.M.E. 188 (1950), 


i7 
lattice regions 
parallel to 
fOr practically 
(see | 
hat asarule that (111)-plane the growing crvst 
texture hich is (nearlv)parallel to the cubic texture. ' 
mee uC! ot be parallel to one of the (111)-planes of this 
 (111)-clane of the growing crystal is parallel | 
ee 111)-plane o e deviating lattice gion so t 
oO! served tl iI the 15 111 fate | S sone 
es \ O | ade es 
15° from the cubic textur 
id Ricl rads We now proceed tii oned naet 
the cI stals s such tl least one ( ther 
lies relativ ose (within about 
15 to 20 to the ( De-Te crvstals 
durin mec merous Lice 
is brought forwar Barr 
| 23), wh ve te Evidence 
+} t ] ; 
(Teas la i Cdl \ W i \ 
erain encounters mate! tw r-tw relat shi 
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blocks which have an orientation ‘‘closer”’ to their 


twins than to themselves, and which therefore can 


be assimilated as twins. Consequently they must 


contain many twins, as is demonstrated by Figure 


3B. 
Phe crystals with wedge-shaped twins mentioned 


under (e) (Figures 6 and 7) appeared to have such 


111)-planes 
from the (111 


orientations that all tour deviate 


approximately an equal amount 


planes of the cubic texture. As a result all four 


111 -planes ire 
Microscopic examination of the boundary between 


equally favourable for growth. 
both partners of such a twin reveals that it consists 


are bounded by 111 


which 


of small “steps” which 


planes of the mother crystal, started its 


growth first (see Figure 10). This supports the idea 


that the crvstals eTOW on 111 -planes and this 


special tvpe of growth may account for the shape of 
the twins. Perhaps in this case the twins can grow 
sidewavs according to the mechanism discussed b 
Ratheneau and Baas [14]. It is, however, a fact that 
the shape of the twins must be directly connected 
with the texture. This is also confirmed by observa 


] 


tions on aluminium where in a _ quasi-isotropi 


twins do not show parallel boundaries 
with a 


h a material pronounced 


ught parallel-sided twin lamellae 


, from the toregoing it 


s directh rstandable that in the bent strip 


shown in Figure 8 many ur in that part of 


more parallel 


orientation of 


connected 


STOW 
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On the basis of our experiments it is impossible to 
discriminate between growth fault and stimulation. 
he experiment proposed by Burke [16] gives no 
information about whether growth faults or stimu- 
lation give rise to twinning, as it has been found 


that the direction of the (111 - plane in the 
point-shaped crystals observed in aluminium is not 
reproducible in any way [6]. Perhaps the experiments 
described in this paper reduce both possibilities to 
the same original cause. 


We agree 


mechanical nucleation theory is not able to explain 


Burke's |3] conclusion that the 


with 
the formation of all kinds of annealing twins found 


In COpper Cry stals obtained by recrvstallization. 
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ETUDE DE LA TENSION CAPILLAIRE D’UN JOINT DANS UN METAL, 
EN FONCTION DE L’ORIENTATION DES GRAINS QU'IL SEPARE* 


J. FRIEDEL, B. D. CULLITY et C. CRUSSARD}{ 


La tension interfaciale entre deux grains est \ 
d’aluminium, par la méthode classique des points trip] Nous ét 
l’orientation du joint par rapport aux deux cristaux qu'il sépare et 
Un joint entre deux grains d'orientation quelcon 
constante; un joint entre deux grains dont les réseaux 
tension plus faible; celle-ci diminue encore quand | 


11 


s'annule pratiquement quand les grains sont paral 


I¢ 


partie, nous proposons un nouveau mode de 
interfaciale. Dans ce calcul, assez approximatil 
rigides, établissent des liaisons interatomiques a tr 
de l’énergie interfaciale a l’énergie libre, c’est-a-dire 
l’aluminium, le cuivre, le fer y et le fer@; pour l’alut 
relative, avec les résultats expérimentaux de la pr 


STUDY OF THE SURFACE TENSION OF A GRAINBOUNDARY IN A METAL AS A 
FUNCTION OF THE ORIENTATION OF THE TWO GRAINS WHICH THE BOUNDARY 
SEPARATES 
The interfacial tension between two grains ol a | 
the classical method of the three way cori 
tension as a function of the orientation ¢ 
ing crystals and we obtained the followi 
any orientation whatsoever has a nearly co 


whose crystal lattices have 1 commo 

decreases still further if the plane of the | 

disappears when the grains are parallel Or sp 
a 


t 


In a second part we est new method 


ipproximative calculation it is supposed that the 
relations across the youndar. By 1 simple hvpotl 
free energy, that is the surface tension. Calculat 

and y-iron. The results for Al are 


ments of Part 


good agreeme 


UNTERSUCHUNG DER OBERFLAECHENSPANNUNG EINER KORNGI 
METALL ALS FUNKTION DER KRISTALLOGRAPHISCHEN ORII 
NACHBARKRISTALLI 


Die relativen Werte der Grenzflache Spa . 
plattche wurden nach der klassische Me thode de 
die Variation der ¢ I I 
dic beidet Nachbat 
zwei Kristallite 
Korngrenze 
besitze hat el 
die Korngrenze 
parallel oder Sp 
der Oberflache 

yenonmime dass 


t 


eratomal 


I. INTRODUCTION 


La tension capillaire des joints Intergeranulalire 


des métaux a fait l’objet récemment de nombreuses 
études, tant expérimentales que théoriques. Nous 
ne nous proposons pas ici de discuter l'ensemble de | 

question, ni de citer tous ces travaux, mais seulement 


de présenter quelques études expérimentales qu 1adruples. ret 
complétent nos connaissances sur ce 
qu’un mode ce calcul nouveau. en ae 


I y a iI 1 

Lorsqu’un métal subit un recuit prolongé 
*Recu 9 juillet 1952 aut 
+tCentre de recherches mét ill Irgiques | 

supérieure des mines, Paris 


que s except 
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re itive a | ette 
| pla 
if | ‘ cri. cle 
i )) i e te ( a pt pre 
in plan de nétrie possede une 
dat le pla cit letrie 
calcul de energ.l superticielle et de | énerer 
® ppose que es adeu CT ta mpleteme 
cl ) Par une h pothese passe 
tension capillaire. Les t ét - 
] + + 
es re ta ( 
Da 
t e Tw rie tat 
cak it o tne teria ( 
Vp ‘ ‘ ‘ the 
were ¢ rrie ver, 
4 3 | IN | | 
‘ vei 
der Orient o der kK ( 
lo« t } | 
TT¢ ‘ > 
‘ 
er kK 
1) wirke Hilfe einer einfachen H ( 
rei Energie. d.} Oberflacl Be ‘ 
ind y-Eisen durchg Die Re te \ 
température 
}? ‘ ‘ ‘ ‘ > 
1) ( — ( ~ ) | 
es grains. Dans I’ ( ( 
11S ( ~ ( | cS CS 
\"¢ ( ( nrs 
ms si¢ ( Ous 
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SO 


un probléme plan, et le 


le 


déplacement des points triples communs a 3 grains. 


facteur essentiel est 


Si le recuit est assez poussé pour qu'on puisse 
atteindre un équilibre, on admet en général que les 


angles aux points triples dans l’espace angles 


diédres A une aréte triple commune a trois grains A, 


B, et C, soit 4,, 4 permettent de déterminer 


leur relative les tensions interfaciales par 


l'équation d’équilibre simple 


()n l'emploi de cette ule dans le ( 


oti la tension interfaciale dépend de 


critique 


l’orientation du 


joint par rapport au couple de grains qu’il sépare 
Herring a proposé une formule plus compléte (citée 
par C. S. Smith ‘n cherchant le mini- 
mum de l’énergie interfaciale totale lorsque ( ertaines 


3 obtenue « 


liaisons sont respectées. Cette formule s' applique 


tres bien dans certains cas, par exemple dans les 


expériences de Dunn [4] dans lesquelles les 3 joints 
sont assujettis a passer chacun 


\lais dans le cas de la 
erains, l'emploi de la formule d 


par un point fixe 


croissance générale des 


Herring ne semble 
pas justifié; et voici pourquoi : le véritable minimum 


] 
i¢ 


énergie correspondrait s ou un cristal 


masse: ma ce sont des consid 


es de croissance qui expliquent que 

ent (métastable 
prés hexagonaux 
ne correspond pas a 


nin 


total Dal 


imun ae nergie interlacial 


pport a des pomts 


ples. Pour definir cet état mme minimut 


it s imposer ce uisons, c est-a-dire se 


nxer un 


des joints el points triples 


tion seulement que on peut 


Or voici ce 
montrerons 
nts triples tender 
configuration d’équilibre local, 


t; dans cette ph 


de 


isc, 


applic 
Herring 


Seralitl 


a peu pres 


faudrait tenir compte des 


des joints. Mais quand on 


on voit les joints tendent a 


que 


devenir droits, c’est-a-dire tendent a leur tour vers 


ine lorme d’équilibre a part certamnes exceptions 
Vers la fin du re 


pres parallélement a eux-memes, en 


uit, les 1oiInts se déplacent a peu 


changeant peu 
d'orientation. Dans ces conditions, si on admet que 
l'énergie est A peu prés stationnaire, on voit aisément 
c'est la formule (1 


que qui s’'applique aux points 


triples. 
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Nos principaux résultats expérimentaux reposent 
sur une mesure de l’orientation relative de couples 
de grains séparés par un joint, sur une observation 
de la position du joint de chaque couple, et access- 
oirement de leur forme, et enfin sur une mesure des 
angles aux points triples. 

Du point de vue théorique, les opinions oscillent 
entre deux conceptions : celle qui consiste a décrire 


un joint (dans un métal pur) comme un réseau de 


dislocations 6: 7: 8] D'autres au contraire 


considérent un joint comme une surface tormée de 
zones ou les réseaux des deux joints se raccordent, 
aver 


Q: 


distorsion, séparées par des zOnes lacunaires 


10]. Il semble a l'heure actuelle que l’on s’accorde 


3} pour admettre 


| 


que lorsque la désorientation* 


entre ‘Ss réseaux est faible, le premier modéle, par 
dislocations, décrive bien l'état des choses; pour les 


le 


préférable. Entre les deux existerait un domaine de 


fortes désorientations, modéle lacunaire 


esi 
transition oti l'un et l'autre mode de description sont 
a peu prés équivalents; cette zOne se placerait vers 
des désorientations de l’ordre de 5 a 10°, pour des 
métaux a structure compacte, Mais sans doute moins 
11] 


e quantitatif, la premiére concep- 


pour d'autres métaux, comme I|’étain 
Du point de vu 


donné lieu a divers calculs qui permettent 


l’énerg e interfaciale [7; 8]. La seconde 


ption n'a pas encore été développée quantita- 
tivement; c'est ce 
la deuxiéme partie de cette note. La théorie que nous 


que 


nous essavons de taire dans 


développerons sur ce point est sujette a des limita- 


que nous signalerons en temps utile; malgré 


nblk 


elle Sel iSSCZ bon accord ix Xper 


l’on veut contronter la théorie et l’expér 


| celle-« 


bien remarquer 
celle-la donne 


] 


uors que 


que mesure 


é hre interta iale, 


simplement l’énergie. Pour passer de 1a a |’énergi 
libre, il faut tai 


ire intervenir l’entropie interfaciale, 


de 


défaut 


compose deux termes : une entropie d 


des 


le 


vibration des atomes du joint due a | 


dislocations 


ou lacunes, 


jomt et un accroissement d'entropi 


ment de leurs degrés libertéTt. Ces termes d'entropie 


"a ( roisse- 


sont difficiles 4 évaluer dans le calcul basé sur les 


dislocations, plus faciles dans le calcul que nous 


proposons dans la suite. Mais la remarque suivante 


permet une évaluation approchée de |’énergie libre 


ippelo s désorientation entre de Ix réseaux la plus 
pouvant amener les réseaux en coincidence. 
rCes termes d’entropie sont en relation avec l’accroissement 
la vitesse d’autodiffusion du métal le long du joint [12 
li-méme e 
Il serait 
intervenir ul 


comme 


tatio 


relation avec la viscosité des joints. 

plus ri mais plus compliqué de faire 
1 systéme d’ondes capillaires supplémentaires 
fait L. Brilloui r les surfaces libres. 


rigOureuyX, 


ie pou 
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I sind siné@, sind, ~ 
erations 

Ol ittergne | 

s des téles 1 
et les joints se courber composant 
tion de la formule 
variations de courbure 
pousse le recuit,§ 


TENSION 


interfaciale : certains auteurs [9; 12] ont montré 
qu'on pouvait assimiler les couches atomiques for- 
mant le joint a un liquide en surfusion*. On peut 
donc, en premiére approximation, admettre que 
l’énergie libre de la couche de passage constituant le 
joint devient égale a celle du reste de métal au point 
de fusion (point vérifié récemment par Huzuki 

autrement dit l'énergie libre interfaciale, ou tension 
capillaire des joints, s’annule au point de fusion. 
(Comme, dans ce raisonnement, nous avons négligé 
la tension capillaire a l’interface solide-liquide, du 
reste faible, au point de fusion l’annulation n'est pas 
compléte. Cette propriété distingue tension 
interfaciale de la tension superficielle qui, elle, suit 
la loi 


beaucoup plus élevée, voisine ‘de 


d’Eétvos et s’'annule a une température 
la température 


critique [13]. 
Il. RESULTATS EXPERIMENTAUX 
A. Materiel et mesures 


Nous avons utilisé une tole de 210 K 120 K 1mm 
d’Al (0.0025 0.0025 Si: 0.004 Cu) et 


fortement a partir d'une ébauche 


Fe; 
(88% 


raffiné 
laminé 
texture cubique gvénéralisée La 
tole a été chauffée 1 H. a 310° au 
éprouvette de 60 X 20 X 1 mm. y est découpée, et 
recuite a 640°C au four.a résistance, successivement 


présentant une 


four a air. Une 


pendant 1, puis 8 et enfin 7 jours. Les états corres 


pondants sont notés 0, I, II, et III. Entre deux 
recuits, on attaque légérement a l’acide pour voi 
le grain, puis l'on polit électrolytiquement pout 
éviter les dépressions superficielles dues a l’attaque 
des joints qui risqueraient d’entraver le déplacement 
de ceux-ci. L’épaisseur finale est 0,8 mm. 

La direction des joints sur les deux faces de I. 
tole a été déterminée au microscope (grossissement 
1000 


sur les parties rectilignes de 


La précision de la lecture est de l’ordre de ' 


joint, un peu moins 


bonne aux points triples dans beaucoup de cas 
Sauf quelques 


3°) par suite de la courbure 


exceptions, le joint a pu ¢tre considéré comme 


laminage, a la précision des 
Sur l’angle 


normal au plan de 


mesures prés ( < 5°)T. diédre, l’erreut 


qui en résulte est négligeable. 


|orientation des grains a été déterminée par 


clichés Laue en retour, avec un diaphragme fin qui 
*Un liquide en surfusion peut étre en équilibre avec | 
a condition de se trouver dans un éta 


solide correspondant, 
thermo 


négative, qui en 
re l'énergie utilisable ou potenti 
possible d'une telle 
S. Smith |3 


abaisse le potentiel 


pression 
dynamique (ici, il faut prend 
de Gibbs, U 73+ FF). 
traction compk te ) a été suggérée par 

tLa direction des joints dans l’épaisseur de la téle a été 
mesurée en photographiant les deux faces de la téle rigour 
eusement avec le méme agrandissement, et en superposant les 
clichés obtenus, les bords de la tle étant découpés bien droits 


‘origine 
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nécessite des poses de deux heures. La précision des 
mesures est alors uniquement limitée par un certain 
jeu dans le support; elle peut étre évaluée a 2°. On a 
étudié ainsi 26 grains dans l'état I et 47 grains dans 


rétat I]. 


l'avons remplacée, pour l'étude des relations entre 


Cette méthode est assez laborieuse et nous 


la direc tion des joints et l’orientation des grains, pat 
une méthode un peu moins précise mais beaucoup 


\prés 


dans l’eau 


les heures d'att ique 


20 a 40 sec 


plus rapide, utilisant 
polissage et courte attaque 


régale fluorée refroidie a 15°, on observe en 


vénéral de petits losanges. | JEUX ( Otés, tres re¢ tilignes 


Sl l’attaque est bréve, sont nets et paralléles aux 


traces de deux directions (100), les deux autres 


irches trés 


délimitent une sorte d’escaliet dont les m 


nettes sous un éclairage convenable, sont paralléles 


a la troisiéme trace (100). On a souvent des figures 


en pentagones. Pour restituer l’orientation du cube 


] 


a partir de ses trois traces, sur le plan de laminage, 


nous utilisons un diagramme donnant, en projection 


stéréographique, le lieu de l’aréte du diédre droit 


dont les traces sur le plan de laminge font un angk 


sont des 


2a donné. Un calcul simple montre que c¢ 


quartiques bicirculaires d’équation polaire (p, @ 


4 

Z@Q 
) 


correspondat pour 


Nous avons tracé l’abaque 


des valeurs de a & helonnées de 5 en oO | nh projet 


tion stéréographique, chaque aréte [100] de 


de corrosion se trouve a l’intersec tion du 


respondant a lur des ingles @ mesure 


cétés de la figure avec la perpendiculaire 


l‘origine au troisiéme cd6té. La précisior 


lectures est d’en | Nous avons 


des grains o1 


méthode sur 
procédé permet d’orientet 
une cinquantaine de 
1000 


nous avons etu 


un moven ~ 0,02 


ravons X est inapplicabl 


B. Résultats Géenéraux 


Les recuits a 640° donne 


qui traverse 
métre voisin 
pres du double de 
triples est a 


normalement 


entre trois uns nt l rencontrant 


ron 120 


utres. Les joints sont cependant 


les uns des 


ssez contournés et ne prennent une courbure 


réguliére que dans l'état L’aspect dans l'état 


it Seuls se sont dépl ices 


est identique 


cos 
cos 
Cor 
entes aux x 
facilement « rnee 
sans difficulté une tdle de 
(clés l'état un gi 
lépaiss égu es points 
pres re lise les rrivant 
= = 


RGICA 


trois points triples qui, on peut le montrer, étaient 
hors d’équilibre. Un gros grain apparait dans | état 
I]: il absorbe environ la moitié de l’éprouvette el 
englobe un petit cristal insulaire d'orientation a peu 
pres paralléle, ce qui est contorme aux observations 
14]. 


L’étude des orientations cristallines aux rayons X 


de Lacombe 


et par la micrographie met nettement en évidence 
l’existence de deux textures 

une texture cubique, d’importance décroissante 
iu cours du recuit; 
texture l’orientation 


une analogue a 


«Z» 
observée par Rathenau sur les ferronickels [15], pat 
16] et 


et qui s’obtient a partir de la 


Kkronberg et Wilson sur le cuivre Beck sur 
aluminium [17 
texture cubique par rotation d’environ 40° autour 
111 100), 


ramenés au mé€me quadrant par les symétries du 


d'un axe Dans cette texture, les pdles 


laminage (plans normaux au plan de laminage et 
paralléles respectivement a la direction du laminage 
et a la direction transverse), se répartissent sur un 
arc qui part de la texture cubique et tourne autour 


111 


quente, est voisine de la macle (321 


d'un axe La position terminale la plus tré- 


par rapport a la 


texture cubique (fig. 1 


recristallisatio1 Dans la projectiol 
s (100), PL est la normale au pla 
tion du laminage; et DT la directioi 
‘la zOne des pdles déduits de la texture 
tour d'un axe 111), et les poles de la 


nettement en dehors de 


Trois cristaux 


des points plus gros 


L’existence de ces textures explique que beaucoup 


de cristaux, méme non jointifs, sont approximative- 


ment paralléles : sur 325 couples examinés dans 


état I, 28, soit 8° ,, ont entre eux une désorientation 


nférieure a 8°. Une répartition au hasard des 


orientations cristallines donnerait une proportion de 


0.4% (Tableau | 


VO! 


I 


Limite supérieure ce la probabilité pour que ce ux cristaux 


cubiques pris au hasard soient maclés (ikl) a w° prés. @ est 


l‘angle de la rotation minima qu’il faut imprimer a l'un des 


cristaux pour faire coincider les plans de macle (hkl) des deux 


cristaux 


plan de 


0,007 % 
0,005 0,036 
0,014 0,11 
(0,027 0,22 


0.027 (0),22 


0,053% 


PABLEAU II 


des couples de cristaux maclés 


recuit | j. a 650° 


de 


mack couples que lconques 


Beaucoup de cristaux jointifs présentent entre eux 
: 30° a 4° prés 


hg. 2)*. Ce fait, noté pour la recristallisation du fer 


un plan de symétrie d’ordre élevé 


par Homes et Maquestiau, est di a la symétrie 
élevée du systéme cubique. I] ne saurait s’expliquer 
par une influence réciproque entre grains voisins. 
En effet parmi les grains présentant entre eux un 
plan de symétrie approché simple (100) ou (110 
321), (631 


la fréquence des relations de macle entre grains non 


c’est-a-dire grains quasi paralléles, 


voisins, qui dépasse largement celle due au hasard, 


Tableau I] 


dépasse aussi celle des grains jointifs 


*Deux réseaux quelcong les peuvent étre amenés en coil 

ce par rotation autour d’axes commun a ces deux réseaux 
ns le Cas général, i] \ 
L’existence d’ut 
pour les deux réseaux est ul 
pour deécrir¢ 


a 24 axes de rotation pour des cristaux 
plans de syvmeétrie 
18}. Le plus simpk 
relative des deux 
rapport au 
La macle envisagée ici est une macle pat 
s que les cristallographes donnent 


approché¢ ( st une pseude 
métaux 


cubiques. ou plusieurs 
cas particulier 
l’orientation 


les considérer 


da Cas, 

cristaux, est d: comme macles pat 
plan de symétrie 
me éd? ¢ rét ula , au sen 
a ce nom (si symétrie est 


neériédrie Ce cas etant tres fréquent dans les 


recristallisés, la description des orientations relatives pat 


icle est tres commode c est elle que nous Tiliserons 11 
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hkl 2 < 4 <8 
100 0.43% 
11] 0,29 
hh? ou hkk < < 0,88 
hkO 
hkl 1,8 
plai Ww 
DT « macile 452/ 
11] 0.3% 1,2% 2.4% 0% O% 6% 
hy 221 0,3 0 0 0 
$41] 0,3 0 0 0 
321 0,9 29 0 j 
\ 632 0.9 0 0 0 
/ \ 
/ 
/ \ 
\ 
| | 
PL 
\ / 
\ 
FIGURE 1 lexture d 
transverse. On a marque 
nacle (321) (triangles). 77”! 


FRIEDEI 


Cette tréquence est donc due a l'existence méme 


des textures, et au fait que les mécanismes de 


recristallisation et croissance favorisent des orienta- 


tions en relation de macle. 


2¢ 
2. Répartitior des joints Correspo dant a 

ou approximation cde 
100,"1 10 


FIGURI 
macle a ® = désorientation 
macle), pour la macle spinelle (111), le parallélisme 
321, 631, et 


et les autres macles 


C. Joints 
Nous avons cherché s'il y avait une relation entre 
la position du joint et l’orientation du grain. Admet 
tant qu’une position observée fréquemment aprés 
recuit prolongé, correspond a un minimum de la 
tension capillaire de joint, on peut en déduire des 
renseignements qualitatifs sur cette grandeur. 


Vétat ITI, 


parties importantes de joint, rectilignes ou quasirec- 


Les mesures portent, dans sur des 


tilignes. Nous avons étudié les couples de grains en 
macle approchée (plan de macle (Ak/)) en fonction 
de l’approximation de la macle, w (w/2 est l’angl 
dont il faut faire tourner chaque cristal pour que 
leurs plans de macle (/k/) Nous nous 
20°. A ce degré d’approxima 


coincident 
sommes limités a w < 
tion, presque tous les couples de erains sont des 
macles approchées; mais cette méthode permet de 
grouper ces couples en familles; en effet, la présence 
des textures donne une forte proportion de grains a 
peu prés paralléles ou en macle simple, ce qui permet 
une étude statistique. 


il existe une tendance pour 


Dune facon générale, 
le joint ase placer dans le plan de S\ métrie, comme | 
prouve les figures 3, 4 et 6 qui donne la densité de 
répartition des joints en fonction de leur éc: 
\lais on 
raffiner cette étude en faisant intervenir la nature du 
hk 


position avec le plan de symétrie. peut 


plan de symétrie, et la valeur de 


Grains Guasi-para 


a Pour les tres faibles désot lentations 


donnée par 
100) ou (110 


la position du joint 
ivec le plan de macle, ici volont 


semble assez que rf onque* 


WSION 


< @ 

de (100) 0 110 
possédant une désori 
pondat 


t a des joints ce 


b) Pour des désorientations plus fortes 


20°), le joint est souvent paralléle aux plans (100 


ou (110). Ces deux plans apparaissent avec la mém« 


fréquence. C'est presque toujours, parm: les solu 


Tions possibles, le plan le plus VOISIN ce F normals 


la tole qui est occupe, les exceptions concernant 


petites de joints joignant deux points 


| portions 


triples Voisins faible enerel totale mise en 


Parfois deux moitiés du jomt occupent des positions 


lormant Ns 


voisines (100) et 110 


voisin de 45° (6 exemples 


present don minimum net eneres 


quand il est en (100) ou (110) indifféremment, pour 
des gra de désorientation 7 <w < 20 Li 


d’énergie est alors sutfhisant 
4 faire des coudes. Pout 


joint est indiffére: 


semble étre alors taibl 


memes phenomene 


Li Ou 
111) pour 7 


CA! TE CAPILLAIRI PUN IO8 83 
x 110 
20 
5 
= 
x 
nr x 
$< 
EO A 
E 
A fh) x 
st 
— 
xe x 
| 
0 2 10 
po ck eralls a pe res pal el 
tat Les traits rre 
il 
ition 
7°, la position d 
Verrons Que nerve 
tous les cas 
> 
|. (fig. 3 
energie el 20°; ce! mes 
a / 
nde. joint ent ‘dit 
‘ ( r 2 res ( r ‘ 
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plus ouvert que dans le cas précédent, ce qui corres- relatives [1] et de préciser certaines « attirances » 
pond a2 un maximum moins aigu sur la courbe que les résultats précédents suggérent. 


des fréquences (fig. 5). Notons que, quand deux (a) Quand deux grains ont une orientation 
rains sont en macle spinelle, il y a deux plans de relative quelconque (pas de plan de symétrie ap- 


prochée) on a ce que nous avons appelé un joint 


syvmétrie possible : (111) et (211 Dans ce cas, 
* qguune seule fois un joint banal. Tous les joints banaux semblent avoir la méme 


n’avons 
voisin de (112). Ceci s’explique si l’énergie d’un énergie. Ainsi un point triple entre trois de ces 
oint de symétrie (112) est supérieure a celle d’un joints (A,B,C) donne les rapports 
CM 
0,97 


x 21 bh) En comparant les joints de couples symé- 


‘eo plan de symetrie triques (A moins de 4° prés) a des joints commun: 
exaclte (< 3°) 


‘ur angle @ 


paral les 


211 


oint voisin de (111 pour un désorientation 


notable. Les mesure l ss points triples section 


confirment c 


> 


3. Autre COUPLE le grain fig. 6 
La corrélation entre le joint et le plan de symétri 
est moins forte encore. Elle est plus nette pour les 


iibles désorient itions 3 9 


Enfin les joints « banat ont une direction 
i\ symetrie pout 
| jue - rapport ins et sont 1 aux 
lconque par rappo! uns et sont normaux 
iu pl in de la tdle 
*‘La méme remarque a été faite par Dunn et Lionetti 
$; 20] sur les macles 2)e lu ferro silicium; on est 
plans sont inversés 
‘sure angies Que iont entre eux les trois 
La mesure de ingic jue ) +C/A admet en réalit 


joints permet de calculer leurs tensions en valeurs orientation 


20 
10 e 
\ 
\ 
C 20 $5 3 
FIGURE 5. Fréquence des joints en fonction de |} 
ivec un plan de symétrie pour des couples de EE 
pinell 
lacie spinelle ou ¢ lacie quelconque 
ie) 10 20 
Xx 
FIGURI } \ngle a Dia svmetric 
sin de 11] 21) pou! dei Tallis a pe pres ¢ macle 
pinelle ivec une désorientation w. | seul joint est prés d 
niar | e svmetrie ¢ mporte pe 
10 
= . 
— . 
| 
| | | 


TENSION CAPILLAIRE D’UN JOINT 


} 


l’énerg prise égale a puis en les compat int 

entre eux, on obtient une série de valeurs relatives. 

jomts compares des joints communs que nous avons reproduites sur la figure 7, ot chaqu 
joints deduils des precedents point représente le pol du pl in de symétrie appro 
joints a<t* de plan de symetrie chée correspondant Nous avons porte toutes les 
valeurs « alculées, et la dispersion est trés ace eptable 

On note trois minima voisins de 0 (100, 110 et 111 
et une sorte plate au a énergie constante voisine 
0,85, qui s'abaisse brusquement au voisinage de ces 
minima. 

Pout ces symétries assez exacte position 
joint est sans influence, sauf s'il est A moins de 10 
du plan de symétrie, auquel cas Il'énergie est réduit« 

( 


dans des proportions allant jusqu’a 15°], semble-t-il 


cas correspondant aux maximums de fréquence de | 


figure 5 


E. Voisinage des orientations* (100), (110), (111 
100 Etats II et III 


FIGURE 7. Valeur relative de la tension capillaire de } La présence des textures explique, comme nous 


voisins d'un plan de symétrie (h, , La tension d 


vu, l’existence de nombreux joints voisins ds 
banal est prise pour unité 


ces trois orientations et permet de pre iser les valeurs 
des tensions interfaciales correspondantes 

Nous avons reporté sur les figures 8,9 les valeurs 
obtenues, en fonction de la désorientation w définik 
comme a la Sec tion Nous ajouté les valeurs 
relatives tirées de points triples entre cristaux quas 
paralléles ot certains couples n'admettent pas ce 


plan de symétrie a 4 pres : dans ce CaS Wa S 


définition ordinaire d’angle de rotation. Ainsi, pour 


les taibles désorientations w, la tension sembk 


croitre de fagon continue avec w a partir de 0 


iccord avec les résultats obtenus pal les 


iuteurs. L’existence d'un plan de symétrie « 


FIGURE 8. Comparaison des tensions capillaires pour des présence du joint dans ce plan ouent un role rédu 
oints entre grains a peu prés paralléles (100) et a peu | 
en macle spinelle (111), en fonction de la désorientation w 
La tension du joint banal est prise pour unite Points d pres de (100) et (110 


a croissance semble plus rapide prés de (111 
carte hig. ¢. 


Conclusions 


a) L’énerg 
ment constante, 
Quand le joint 
a quelques degrés pré 
a peu prés nuls (100 
in plateau 
minima (100), (110 nt plus éy 
leur départ correspond a 0,6 pour 10 


tion 


( Quand le joint 
r plateau est releve 
FIGURE 9. Autres mesures de tensions pour des joi 


rains presque paralle les, en fonction de la désori 


La tension du joint banal est prise pour unite 


FRIEDEL ET AL 85 
Bo. 2 
O8e O?s ne 
Uto OS mers 
070), “Ose 0.6% 405, 
08: O54 
ie la 1) creusés dans 
‘ le 0,75 
isés que (111 
al lésor ent 
a 0,85 


d Quand | l symetrie n'est gu approximative, 
energie se rappre che encore plus de celle du joint 


banal, saut prés des minima, ot elle tend vers 0 
comme précédemment. 


é Ou ind dans le Cas d lé i01nt est exactement 


1anS8 e plan de syvmetrie approche, il posséde une 


saul, 


énergie plus faible 


qu’en (d pour les faibles 


désorient wions 


100 


110 


ndépendante 


au voisinage des symétries 
111 
de la 


ipprochées ou dans ce cas, 


energie semble position du 


— 
Cs CONCIUSIONS ey idemment seulement 


sont 


\ tlables pour des joints avant subi de longs rec uits 


Ill. CALCUL DES ENERGIES SUPERFICIELLES ET 


INTERFACIALES 
A. Principe 
Nous supposons que |’énergie interne d'un atome 
métallique dans un cristal peut se décomposer en 
iutant d’éléments qu'il v a d’atomes voisins (« ener- 
cies de liaisons ) 


pour les 


,en se limitant aux 12 plus proches 


voisins structures compactes; et aux re) 
proches et 6 seconds voisins dans le svstéme cubique 


Nous 


d'une. surface 


centré supposons aussi introduction 


que 


libre ne modifie pas la position des 


itomes dans un cristal, mais supprime simplement 


les liaisons avec la partie enlevée; de méme, qu'un 


joint modifie seulement les liaisons interatomiques 


qu il traverse 
Dans ce calcul, on suppose le métal rigoureusement 


pur, et on ne tier 


pas compte des atomes étrangers 


qui peuvent se concentrer a la surface ou dans un 


oint, bien qu’en réalité ces impuretés aient une 
24; 25]. 


Soit l’énergie d'une liaison. L’atome entouré de 


rande influence sur la tension capillaire 


aura, s'il est détaché du réseau, une énergie 


VOUINS 


supplémentaire /- = énergie de sublimation 
Nous avons 
[21] et Seitz |22)]. 


distance interatomique a été calculée théoriquement 


utilise valeurs de / données pat 


variation de avec la 


par Fuchs pour le cuivre [23]. Nous avons utilisé 


. méthode plus expérimentale développée par Mott 
Jones ag pour l’Al et le Fe. 
Pour les métaux cubiques centrés, il faut répartit 


énergie - entre les 8 liaisons « primaires » a 


distance d énergie 6 liaisons secon- 


daires » a distance d» (e2) de fagon a rendre k = 8e 


+ 6€. minimum, avec la condition d; d 


Qn a ainsi 


3 
6 ) 


Avec la courbe choisie pour le fer, on trouve, si 


RGICA 


VOI 1953 

au minimum de 
0,97d = 0,99¢ 

= 78e 


la distance correspondant 


j 


dso = 


9 1,13d € 
et k 12,5€ par atome. Ce mode de calcul donne un 
ordre de grandeur raisonnable pour la variation de 
distance interatomique dans transformation 
a-y, en supposant constante la distance d du mini- 
mum 

Nos hy pothéses sont suyettes a deux critiques 

1. L’énergie du réseau ne peut étre rigoureusement 
divisée en un certain nombre de liaisons, du fait que 
les actions interatomiques ne sont pas centrales. 


2. Il 


élastique des cristaux au 


faudrait tenir compte de la déformation 


voisinage de la surface 
libre ou du joint. 

Nous verrons qu’en fait les énergies obtenues par 
cette méthode semblent trop fortes, l’erreur étant 
probablement de l’ordre de 10-20°% pour les énergies 
superticielles. Le calcul semble cependant rendre 
compte qualitativement de la variation de l’énergie 


superficielle ou interfaciale avec l’orientation. 
B. Energies superficielles 
En 
h,k,/), 


mativement 


supposant la surface paralléle a un plan 


(h >k>/), ce qui est toujours approxi- 
vérifié, les distances des atomes a la 
surface, sont multiples entiers de l’équidistance des 
Qn peut ainsi faire le décompte des 


Nous ne 


calcul qui donne, pour 


(h,R,/ 
| 


liaisons coupées. reproduisons le 


détail de ce énergie des 
liaisons coupées, par unité de surtace: 
k + /)(h* + k? 4 el 
pour le réseau cubique simple 


h? + k? + €( 


pour le reseau 


poul le svstéme C( 
ou d est le paramétre cristallin. 
Ces tormules donnent pour valeur moyenne 
Ik, = 2.600 e mm®* pour le cuivre 
Ek, 1.700 e mm? pour l'aluminium 
environ, atome, le quart de l'énergie cd 
13]. 


découlent de 


soll par 


cohésion les mesures expérimentales sont 


de la 


superficielle faites prés du point de fusion, avec une 


rares: elles mesures tension 


influence de la température assez mal déterminée 
la comparaison est done difficile. Cependant pour 


en bon act ord avec celles de Baile et Watkins (27 


le cuivre, les mesures d’Udin, Shaler et Wulft 


SO ACTA META’ 
omy} — 
€ + €09)0 SI k + 
Ol = Dhe € 
‘ + ad sii >R 
3/2 
de de 
4 I, 16 
add dad 


\! TENSION 


correspondent a une énergie superficielle de ~ 2.400 


e/cm*, done peu inférieure a la valeur calculée. 
Un calcul de Huang et Willie [28] donne d’autre part 
2.180 e/cm®. 

Nous voyons aussi que l’énergie superficielle varie 
Ses 


minima devraient correspondre, si on admet la loi de 


de fagon continue avec l'orientation 
Wulff [29], aux faces les plus fréquentes dans la 
croissance du métal en présence de sa vapeur. Les 
(CFC 


etfectivement 


obtenus par condensation 


111 


cristaux d'argent 


sous vide les faces 


30] 


présentent 


C. Energies interfaciales 


limiterons au cas de macles 


Nous 


mériédrie réticulaire ot le joint se trouve dans le plan 


nous pal 
de symétrie des deux cristaux. C'est 1a, nous l’avons 
vu, un cas trés fréquent, celui que nous avons 
étudié avec le plus de détails. Sans entrer dans le 
détail du calcul des énergies de macle, nous en don- 
nerons un apercu, puis nous analyserons les résultats 
que nous comparerons avec nos mesures relatives 
sur les tensions de joint et les résultats de divers 
auteurs 

Lorsque la symétrie des deux cristaux de la macle 


nest qu'approchée, il semble que le meilleur moyen 


FiGURE 10. Schéma d'une 


réticulaire dans le syst¢me cubique simple 


de décrire l'interface soit de superposer a la macle 
décrite ci-dessous quelques dislocations. Ce n'est 1a 
qu'une hypothése, car nous ne disposons pas de 
résultats expérimentaux assez précis pour trancher 


la question. 


Calcul des énergies de macle 


Nous supposons donc que le joint est un plan de 
macle, qui constitue un plan de symétrie pour les 
deux réseaux des cristaux contigus: ces réseaux ont en 


commun les atomes situés dans le plan de macle 

*La loi de Wulff coincide, pour nos calculs, avec la loi de 
Bravais—G. Friedel—Donnay [31; 32], tout au moins pour les 
plans les plus denses: 100 pour le systeme cubique simple 
110 pour le systéme cubique centré; 111 pour le systéme 
cubique a faces centrées. 


CAPILLAIRZE 


reseau 


10 


aux 


cl. fig. qui appartiennent au multiple 


commun deux cristaux. La figure 10 a 


dessinée dans le cas d’une macle (h, 1, 


systéme cubique simple, et ressemble un peu a une 
dislocation; cette sim plific ation, destinée a faciliter 
les explications, ne nuit en rien a la généralité du 
raisonnement. On suppose, comme précédemment, 
les deux cristaux non perturbés par la présence du 


joint. Les atomes tels que A ont alors un certain 


nombre de liaisons coupées par le plan de macle 


Ils se trouvent entace d'atomes A’B’ aver lesquels 
ils peuvent établir des liaisons plus ou moins dis- 
nous avons calculées 


tendues ou comprimées, que 


en supposant que chaque liaison varie en fonction de 


meme tacon que 


III, \ Nous 


n'avons pas tenu compte des liaisons trop distendues, 


la distance interatomique de la 


l’énergie de sublimation (cf. section 


et nous nous sommes arrétés lorsque la liaison était 


étendue de plus de 15°, dans le systéme CFC et 


20°, dans le svstéme C( 
En 


telles que celles des atomes C voisins de M 


concerne les liaisons comprimées 


he. 10 


nous avons adopté une autre régle de calcul :a 


cause de l’asymétrie de la courbe potentiel-distance 


interatomique, lénergie de la liaison comprimée 


systeme 


( 


devient vite trés torte. L’énergie totale du 


diminue alors si l'un des atomes, CC’, est enlevé 


peut se demander si l'atome C ne vient pas en C” 


dans le plan de macle. Nous avons fait le calcul dans 


l'une et l'autre hy pothése atomes en © ou en ( 
“) qui est le plus général 
Fe), la diffés 


ence d'énergie est faible, et dans certains cas ( 


le deuxiéme Cas ( 


c est 
4 
Pour les métaux « durs » cependant 


est la 
position la plus stable. On ne peut pas, par contre 


introduire des atomes supplémentaires tels 


dans le plan de macle sans augmenter 
totale 

Dans le schéma final, les discontinuités des plans 
itomiques sont disposées comme dans les schémas 
5| et Van der 


différence qu'une 


de dislocations utilisés par Burgers 
\lerwe |S], 
cation » N 


distance des deux voisines telles que \I 


« dislo 


cette 
LO 


avet 


n'est forcément a égale 


he. 


pas 


Dans le Cas 


particulier de la figure 10 ces « dislocations » sont 


des lignes s’étendant perpendiculairement au plan 


de la figure; mais dans /e général ce seront de 


cones lacunatres isolées 

Nous avons tenu compte, dans ces conditions, de 
toutes les liaisons normales, distendues ou com 
primées, que permettait la géométrie, méme si leur 
nombre dépassait un peu la coordinence du métal 


Nous 


ex primée 


avons obtenu ainsi les énergies suivantes 


en unites ed 


() d'un 
Oc 
De 


ALLURGICA, VOL 


PABLEAU III 


CUBIQUE Face CENTRI 


11,9 1,05 
0.8 
14 0,85(0,85 4! 7,4 1,05(0,8 
12 0.85 3,1! 
14.6 1,1(0,85 8.6 5.1: 0,25(0,9 
0.85 7 0,9 
0.95 3.2! 5, 0,95 
1,1 1,1 
0,45(0,6 3 5. 0,7 
0.95 0,95 
0,95 an 5,05 0,95 
0,75 8.0: 5 2! 0,8(0,65 


PABLEAU I\ de P mise entre parenthése. i , est l’énergie des liai- 
CUBIQUE CENTRE: Fe a sons coupées; elle a la méme valeur pour tous les 
métaux CFC; pour le fer a, elle se compose de deux 
termes représentant l’action des premiers et seconds 
voisins. £, est l’énergie de liaison des couples 
d’'atomes symétriques, tels que A et A’ de la figure 
10. E. et E’. sont les énergies de liaison des atomes 
n'ayant pas de symétrique, quand ils restent en place 
et quand ils viennent dans le plan de symétrie 

respectivement. 
Pour obtenir l’énergie interfaciale /, il faut sous- 
traire de E, les valeurs absolues des énergies F, et 
(ou qui représentent des liaisons rétablies. 
On voit que, pour les métaux « mous», les énergies 
des liaisons rétablies -, + /£, diminuent beaucoup 
l’énergie totale. Signalons pour I’Al et le Cu le cas 
de la macle (311) ot aucun atome n'est enlevé 
p = 0). L’énergie totale présente en ce point une 
valeur un peu plus faible que pour les plans (fA & / 

voisins. 

Pour savoir si les atomes C restent en place ou 
viennent dans le plan de macle, il faut comparer 
Ek.ak’; si E.’ > E, les atomes viennent dans le 
plan de macle. C'est le cas pour le cuivre et l’alu- 
minium. Pour le fer y, c'est le cas aussi pour la 
moitié des plans environ, mais pour les autres, c’est 
Dans ces tableaux, p est le nombre de plans l’inverse; nous n'avons indiqué sur le tableau que 
cristallins contenant des atomes C’ supprimés; les les deux énergies interfaciales totales E = EF, + E, 
nombres entre parenthéses correspondent a des + F, et EF’ = E,+ E,+ E,/ en soulignant la plus 


cas analogues, ot l’on peut choisir une autre valeur faible des deux. Pour le fer a, comme le calcul de F’ 
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Cu \] Fey 
E,+ E Eat+ 
hkl - E, E E; E, E LE E E 
100 0 0 0 0 0 0 0 O 0 0 0 0 
110 Q 2.8 28 0 0) +28 0 0 0 0 0 
11] 0 0 0 0 0 0 0 0 0 0 0 0 
210 1 12.6 + 115 a2 5,45 6,0 1,15 3,35 | 6,75 17 9,9 12,85 
211); 1 11,2 + 1,35 29 5,85 1,35 2.95 6,4 3,05 7.8 
| 1(2 11,9 175! (7,35 3,75 7,9 7,70 
1(2 12.8 1,6 93 3,9 6,5 
311 OU 1.8 0 1,3 2,25 10,4 17,45 
320 1(2 12,3 5,05 (8,9 1,8 9,2 10,35 
321 | 2 14 $95!) 7,9 5,2 13,3 v4 
322 | 2 12.5 3.35 6,65 14 8.1 7,15 
331} 1 10.8 0 5,25 $45 9,5 18,5 
332 2(3 12.6 3,1 7,6 13 7.45 
2 13,4 1,2 8,2 1,25 8,0 6,7 
$11| 2 13,2 115/| 80 125 7,9 7,9 
121 2(3 14,10] $8 (11,15 1,0 9.0 6,95 


TENSION 


est’ tres long, 
calculer 


peut penser que 


nous sommes 


ne s’en écarte pas beaucoup. 
Notons enfin que la macle 


spinelle (111) des métaux CFC 


dans notre approximation, I’énergie réelle 


certainement trés faible [33 


Nous nous sommes limités a un petit nombre de 


plans : pour les indices plus élevés, les termes de 


distorsion deviennent prépondérants, surtout pout 


Al et le Cu, et enlévent toute précision au résultat. 


Nos mesures sur l’Al (cf. partie Il) et 


auteurs déja cités [4; 11] semblent montrer 


énergie de macle varie de fagon continue avec 


lindice du plan. Il est done probable que les dis- 


torsions réalisent automatiquement l'interpolation 


entre les valeurs que nous avons calculées. Nous 


avons dressé des cartes approximatives a l'aide de 


13, 14). 


ces valeurs (fig. 11, 12, 


(100) 


FIGURE Diagramme 
calculées pour le cuivre (en u 


des ¢ 


tes €d 


C 


(440) 


FiGuURE 12. Diagramme macle 


calculées pour l’aluminium 


contentés de 


par analogie avec le cas du fer y, on 


211) du fer @ a une 
valeur faible mais non nulle, tandis que la macle 
a une énergie nulle 


étant 


( elles des 


que 


CAPILLAIR( 


2. Tensions inter} movennes. ANniso- 


trople 


\vant d'interpréter nos résultats, il est nécessaire 
de pouvoir passer de |'énergie interfaciale a l’énergi« 
libre de joint qui correspond a la tension mesurée 
Nous avons indiqué dans l’introduction les raisons 
d'admettre que l’énergie libre interfaciale s’annuk 


ces TalSOns 


presque, a la température de fusion 7 


s'appliquent trés bien dans notre modéle de joint, 
PI | 


qui est du type «lacunaire». D’autre part, il est 


naturel d’admettre que ette énergie libre , OU tTensiol 


intertaciale, y,, varie en fonction de la température 


comme le fait la tension superficielle, c’est-a-dire 


linéairement (loi d’Eétvos). On peut done écrire, en 
négligeant tout eftet possible d‘anisotropie Sul 


l’entropic 


FRIEDEL ET AL JOINT 
0 
(414 
54 3 | 
} 
153 (211) 45 
(S11) (324) 61s 53 
/ 
37 6 515 440) 100 
ergies de macle k R 13. Diagrar e ae CMe A 
43 es 4 
21) 
| 
(311) A2 | 
= 
| 
| 
FicuRE 14. Diagramme des énergies de j 


e/cm 


supérieures a 


la figure 7, 


ou T, 


supérieure a la temperature de fusion 7’,. 


représente une température légérement 


Examinons successivement les métaux CFC et le 


Meétaun 
iz 13 


minima nuls 


CFC. Le Cu, I’Al et le Fe y (fig. 11, 
présentent des variations analogues : 3 
100, 110, 111) 
central présentant, pour le cuivre et l‘aluminium, une 
311 


Les figures 11, 12 et 13 donnent pour la valeur de 


et 
séparés par un plateau 
faible dépression en 
du 


joint banal* 
Sed x (0.8 
2,000 e/cm 
4,2«d-* xX 
1,100 e 


©/ Cin" 


pour le cuivre soit 


* pout 
em 

xX (0,8 pour le soit 5,100 
La comparaison avec les maigres résultats expéri- 
mentaux obtenus jusqu ‘ici est délicate, du fait de la 
5). Les mesures de 


640 


validité douteuse de |’équation 


Bailey et Watkins sur le cuivre [27] donnent 


63 


lac le ( ak ulées 
\l 
. On a choisi la 


plateau de facon ybtenir le meilleur 


FIGURE 15 des énerg 
pour Alet C ns mesurées 
les minima et d | ie (h, k, 15 (h 
ile Ir de 1" 


ccord 


pour au voisinage 


a 850 


Van Vlack 
165°C. 


35] obtient 850 e,/cm 


pour le fer y a L’équation (5) donnerait, 


ivec nos valeurs de /£,, des valeurs de y, un peu 


1220 


températures. 


350 e cm? pour le cuivre, et 


cm? pour le aux mémes 


Quant aux valeurs relatives des tensions inter- 


Lac iales déduites de nos mesures, et représentées sur 
on voit qu’elles concordent assez bien 


ivec les valeurs calculées de la figure 12. On notera 


En 


le joint banal s 


admettant que les énergies de mack 
t dans le rapport 0,8 (ctf 


obtie 


le plateau et 


34 t. dans le cas de |’ a 900: des 


ce 300 ci 


T syreenough 


ileurs plus ihles, de l’ordre 
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la maximum aux environs de (321), que donnent le 
calcul et expérience. Prés des minima (100), (110 
et (111), les corrections dues aux distorsions élas- 
tiques deviennent prépondérantes, et le calcul perd 
toute précision. Pour la zéne (2h, 2k, h — k) des 


1( ints des disl« cat INS 


représentatifs sur la ligne reliant 110 a 311 


par (points 
est bon pour I’aluminium, moins bon pour le cuivre 
fig. 15 cette 
Shockley [7] et Van der Merwe [8 


courbes tracées sur la méme figure 15, et qui encad- 


pour méme zOne, les calculs de 


| donnent des 


rent les valeurs expérimentales pour les fortes 


30 60 30 


FIGURE 16 
FeSi 


croix représentent les points donnés par nos calculs 


Comparaison des mesures de tensions pour le 


ivec nos calculs d’énergie, dans la z6ne (h, k, 2): les 


désorientations, mais semblent passer au-dessous, 


pour les faibles désorientations 
Laccord de nos calculs avec l'expérience est done 


au moins aussi satisfaisant que celui des autres 


théories. 
bh) Fer a. Pour ce métal (fig. 14), la variation de la 
semble caractérisée par deux 


(410 a 311, 221 a 111 


séparent deux zOnes déprimées (100 et 110 a 211 


tension interfaciale 


régions de sommets qui 
L.’énergie est nulle en (110) et faible en (211). 
L’énergie moyenne semble un peu trop forte. Nous 


14 


.350e 


pouvons prendre (fig. pour énergie movenne 


~ 
? 


cect donne environ 
1905°C 


donnent a cette température 


de macle 6ed~*, soit cm: 
800e cm? pour la tension a 


de Van Vlack (/oc. cit. 


a 765e,/cm 


les mesures 
pour un acier au silicium. 

La sone des macles (hkk) a été explorée par Dunn 
et ses collaborateurs [20] pour le FeSi. Nous compa- 
16 


mier maximum de cette courbe, qui correspond a un 


rons leurs résultats et nos calculs (fig. Le pre- 
point A sur la figure 14, est sans doute df a la 
proximité du (sommet » 410 voisin (voir ligne de 
niveau /£, ed~* = 7), bien que nous n’ayons calculé 
aucun point a cet endroit. L’accord est donc satis- 


faisant 


4O ACTA METAL 
ler a 
+ 
1,0 as 
+ 
+ 
“ 
— va der Merwe 
@ 20 ay 
es 

( I] 


(211) 
observé effectivement, comme (111) pour Al et Cu. 
(211) est 


celle des plans de plus grande densité réticulaire. 


Le minimum correspond au plan de macle 


Notons aussi que la zOne déprimée (110 


Elle « orrespond aux directions de plans dle glissement 
du ter a, comme (111) est celle relative aux métaux 
CFC 

encore, l'accord entre nos calculs et expérience 


est satistaisant. 
IV. RESUME ET CONCLUSION 


Lae morphologie des grains d'un métal  recuit 
longtemps a haute température donne des renseig- 
nements sur la tension capillaire des joints (énergie 


Nous 
d'aluminium 


libre intertaciale avons étudié dans cet 


esprit une tole recuite au total 16 
jours a 640°C. Les grains obtenus ont un diamétre 
moyen égal au double de |'épaisseur de la tdle, et les 
joints qui les séparent sont normaux a la t6le. Dans 
ces conditions, nous avons montré que la mesure des 
angles aux points triples donne directement les 
tensions interfaciales, en valeur relative. 

Au cours du recuit a 640°, on observe que |'équi- 
libre se réalise d’abord aux points triples, les joints 
restant contournés ou courbés. Ce n'est qu'au bout 
de quelques jours que les joints deviennent droits. 
(“est donc le déplacement des points triples qui 
gouverne le processus de croissance du grain. 
sont 


Les orientations du grain observé ne pas 


réparties au hasard, mais se rangent dans deux 


textures : texture cubique, et texture Z, obtenue a 


partir de la précédente par une rotation autour d'un 
ixe [111], approximativement. La présence de ces 
textures explique qu’il existe une proportion anor- 


forte de grains quasi paralléles, ou de 


malement 
grains dont les réseaux possédent un plan de s\ 


métrie simple, méme si les grains ne sont pas 


jointits 

Pour des couples de grains jointifs possédant un 
plan de symétrie approché, la position du joint par 
rapport au plan de symétrie est assez indifférente 
lorsque la symétrie est assez exacte, mais lorsque la 
svmétrie est moins exacte, le joint est trés souvent 
paralléle au plan de symétrie, comme si cette 
position correspondait a un minimum d énergie. 

l.es mesures d’angles aux points triples permettent 
cle prec iser ces tensions intertaciales, en valeur 
relative. On trouve que 

pour un joint banal (séparément deux grains 

d'orientation quelconque, Sans plan de svmétrie 
la tension garde a peu prés toujours la méme valeur, 
que nous prenons pour unite. 
s¢parant deux grains symét 


pour un joint 


NSTON 


LIRI D’UN JFOIN 


riques, mais non paralléle au symeétrie, | 


tension est de l’ordre de 0,85 (entre 0,85 et lunite 


lorsque la symétrie n'est qu’approchée 

lorsque le joint esi dans le plan de svinetrie 
tension tombe a 0,75 
sont approximativement 
100 110) ou 


a des valeurs encore plus 


lorsque les grains 
symétriques par rapport a un plan 
111), la 


basses. et 


tension tombe 


tend vers 0: elle vaut 0,6 pour une dés 


orientation de 10°. La tension est toujours | faible 


lorsque le joint est dans le plan de symétrie; 


arrive dans ce Cas que l’on observe des JOMTS ¢ oudés 
110) se 
Cependant, 


formés de portions (100) et raccordant ave 


un trés petit arrondi pour, de trés 


DOSITIOI 


faibles désorientations (quelques degrés), la 
du joint semble indifférente. 
Toutes ces observations permettent de dresset ule 


carte des tensions interfaciales (en valeur relative pat 


rapport a celle du joint «( banal » , chaque ( ouple cle 


| 
leurs 


grain étant repéré par le plan de symétrie de 
réseaux (fig. 7 


vue théorique, 11 


] 


Du point de semble que 


desc ription des joints comme parois de dislo ations 
ne soit pas trés satisfaisante pour des désorientations 
] 


fortes. Nous avons cherché un mode de calcul qu 


permette d'évaluer les tensions interfaciales poul les 


couples de grains possédant un plan de symétri 


exacte ou approchée, qui sont trés nombreux. Cett 


svmétrie correspond a ce que les cristallog1 iphes 


appellent macie par mériédrie (ou pseudomeriédrie 
19}. Pour calculer cette énergie de macle, 


réticulatre 
nous avons opéré comme suit 


\dmettons que l’énergie d’ itome de crist 


métallique puisse se décomposet en « energies cle 


liaison » avec ses voisins (12 dans le systéme cubique 


14 dans le 
dont S fortes, et 6 faibles). ( ette hvpotheése est un peu 


artificielle; mais nous avons vérifié que pour le calcul 


a face centrée, systéme cubique centre 


de la tension superficielle (en évaluant le nombre de 


liaisons coupées par unité de surface), on obtient 


des valeurs en bon accord avec les mesures expéri 


mentales, ce qui justifie hypothése 


Pour les macles par mériédrie réticulaire, nous 


ions appliqué la méme hypothése, et compté les 
liaisons coupées, distendues, ou comprimees. 
cette méthode est 


Nous 


calcul de l'énerg interfaciale pal 
long, mais ne présente pas de difficulté spéciale 


Al, ¢ l, Ke 4 


nieriaciale en 


pass 


l'avons etfectué pour 


int que 


de la a la tension SUppos 


l'entropie interfaciale est constante, et telle que la 


tension interfaciale sannule presque au point ce 


Les tensions ains 


fusion, ce qui semble raissonabl 


calculées sont en iccord Satistaisant 
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THE SOLUBILITY OF OXYGEN IN GAMMA IRON* 


J. A. KITCHENER,+ J. O’M. BOCKRIS,+ MOLLY GLEISER, and J. W. EVANS 


Measurements have been made of the iptake ot oxvee from a controlled CO—-COs. gas mixture 
thin strips of high-purity iron foil heated to 1325 1423 C by means ot ai electric current The OXV ee 
absorbed by the foil was determined by deoxidation with pure hydrogen at 1275°C, 1 water formed 
being frozen out and subsequently vaporized and measured manometrically in a small volum« 

High-purity irons from three different sources led to a result of 0.003 + 0.003 pet t by weight 
for the maximum oxygen content of gamma iron in equilibrium with ferrous oxide. It has been show 
however, theoretically and practically, that traces of mp Si, Cr, Al, which 
ilways present, may lead to uptake of oxygen by formation cidati I ts at grain boundari 
The evidence is consistent with a true solubility in ideally, iron of eve than 0.001 

Metals which dissolve appreciable amounts of oxyget 
vanishingly small solubility of oxygen in iron (and copper) can ascribed to 
ratio, the octahedral holes being unable to accommodate ox atoms. The mecha n 


favour: 


of oxygen in tron is probably intergranular 


LA SOLUBILITE DE L’OXYGENE DANS LI 


Des mesures ont été prises de la soustraction d’ox) ‘un méla 
par des morceaux de mince feuillard de fer de haute pureté, chauffé a 
courant électrique. La quantité d’oxygéne absorbé par le feuillard a été 
avec de I'hydrogéne pur a 1275°C, l’eau formée ayant été 
manométriquement dans un petit volume 

Des fers de haute pureté provenant de trois sources différentes 
en poids comme teneur maximum d'oxygéne dans le fer gamma en équilibre ave 
Il a été cependant montré, théoriquement et pratiquement, que des traces d'impuretés telles q 
Mn, Si, Cr, Al, et qui sont toujours présentes, peuvent conduire a une soustraction d’oxygéne pat 
formation de produits d’oxydation aux joints intercristallins. Ces considérations sont compatibles 
ivec une vraie solubilité dans du fer idéalement pur, de moins méme que 0.001 pour cent 

Les métaux q dissolve nt des quantités appré iable s yene \g Zt \ le font 1 


CO elée, 


ont donné 0.003 4 0.003 po r ce 


l’oxvde ferreun 


| ler et Cuivre 


ment; l’extrémement faible solubilité de l'oxygéne dans le fe 


t pas loge! 


un rapport défavorable des rayons, les trous octaédraux ne pouva 
Le mécanisme de diffusion de l’oxygéne dans le fer est probablem« 


DIE LOSLICHKEIT VON SAUERSTOFF IN GAMMA-I 


Die Aufmnahme von Sauerstoff aus bekannt ‘O-CO. Gasgemische dur 
die auf 1325-1423°C erhitzt waren, wurde n r an der Folie absorbiert 
durch Desoxydieren in reinem Wasserstoff bei 127: stimmt; das gebildet 
froren, wieder verdampft und manometrisch im kleit Volumen gemess¢ 

Reinsteisen a is dre 1vers hiedenen Bez Igsq ue lle hnerg ib ilsm ixim ile Sa ue 
Eisens im Gleichgewicht mit Ferro-oxvd 0,003 Gewichtspr« t. Es w 
experimentell gezeigt, dass Spure Mn. Si, ¢ 
sind, zur Sauerstottaufnahme dur« rodukte 
geben kénnen. Dieses Beobachtungsmaterial 
ils 0,001, in ideal reinem Eisen 

Metalle, die gréssere Mengen Sauerstoft aufnehme 
Kristallgitter ein. Die verschwindend kleine Léslichke 
iuf das ungiinstige Radien-Verhaltnis zuriickgefiihrt 
n der Lage si d, di Sauerstottatome interzubr r 


wahrsc heinlic h « tla gy cadet Kor ore 


. ment between 1 results have been 
Introduction 
achieve equilibrium between the solid phases 


It has trequently been suggested that numerous’ ent, and (6) the presence of impurities in. th 
mechanical properties, the corrosion behaviour, and — used; only one of the previous workers [4] h 
the met illographic structure ol iron and steel are propel ittention t | pol I 


influenced by the presence of oxygen in solid solution Che term ‘‘solubilits 


in iron [1]. Consequently, many attempts have been =mum amount 

made to determine the so-called “solubility of iron before 

oxvgen’’ in solid iron, but the results have been the limit 

highly discordant, ranging from as high as 5 per complicatec 

2| or 6-7 per cent [3] down to 0.003—0.006 per 910°C, y-6 at 1400 


cent 
cent [4] for temperatures in the neighbourhood of — different temperatures « 


1000°C. Probably the principal causes of disagree- equilibrium with solid 
from 560 
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‘wiistite FeO); from 1371° 
to 1528° liquid oxide containing 22.6-22.8 per cent 
and from 1528° to 1539° liquid iron con- 
\t each of these 


non-stoichiometri 


oxvgen; 
taining 0 to 0.16 per cent oxygen 


phase changes there should be either a sharp 


change or a change of slope in the “solubility” line 


for the oxvgen content of iron saturated with the 


ippre ypriate phase. 


However, even the order Ol magnitude ol the 


solubility has not vet been established for an\ part 
of the range. The object of the present work was to 
decide whether any detectable amount of oxvgen 
can go into true solution in solid iron. 

This is of theoretical as well as technological 
interest as at the present time gas metal interactions 


are still little understood, and it is impossible to 


predict with any confidence whether a gas such as 


oxygen can enter a given metallic lattice as atoms or 


ions, substitutionally or interstitially. Oxygen is 


known to diffuse at a measurable rate into a piece of 


iron at about 1000°C and many /iguid metals and 


metals, e.g. titanium, zirconium, and 


undoubtedly 


some. solid 


vanadium, dissolve considerable 


mounts of oxvgen (or oxide), even up to 40 atomi 


per cent \ppreciable solubilities have been found 
lor oxvVgen at pressures [rom 10-80 cm. in silver over 
the range 200-800°C |6]. On the other hand, work on 
copper [7] has revealed the importance of traces of 
impurities; whereas copper of 99.99 per cent purity 
showed an oxygen solubility of 0.012 per cent, the 
value was reduced to 0.008 per cent when copper ol 
99.999 per cent Was used. This effect was traced to 
the separation of particles of oxides of impurity 
metals which have a greater affinity for oxvgen than 
so-called “internal oxidation” 


has the 


Phe same effect must doubtless be anticipated 


copper 
erect 


with iron, and this fact has not previously been 


rec ognised. ( onsequently ; the present work has been 


done with iron of very high purity, and attention has 


been paid to the influence of residual traces of 


impurities which aré¢ present even after the most 


extensive purification has been carried out. 
lhe principle of the method adopted was to bring 
n foil to equilibrium with a controlled gas 
ither or CO CQ., the composi- 
mixture chosen to maintain an 


tion ol the being 


effective partial pressure of oxygen slightly smaller 


FeO). The 


dissolved 


than that required to torm wiistite 


small amounts of hydrogen or carbon 


simultaneousl\ ire unlikely to have a significant 


etfect on the uptake ol oxvgen. The oxygen uptake 


by the iron from this gas mixture was then measured, 


ind from a knowledge ot FeQ equilibrium it 


VOL 


was possible to calculate how much oxygen would 


have been absorbed by iron in equilibrium with 
FeO, assuming Sievert’s Law to hold for oxvgen in 


solid iron, as it does for liquid iron. 


Experimental 
lethod 


Three distinct methods have been used, but for 
brevity the first two (which gave essential prac tical 
quantitatively acceptable 
briefly [8]. 


the changes of weight of thin iron 


information but not 
results will be described only 

In .\Vethod A, 
foil heated in a molvbdenum-wound vertical alumina 
hvdre gen-steam 


tube furnace in (a) hydrogen, (6 


mixtures, and (c) drv hydrogen, were followed with a 
sensitivity of 0.01 per cent. Approximate values of 
an apparent diffusion coefficient were obtained from 
the kinetics. Reduction in hydrogen at 1250°C is 
particularly suitable for removing dissolved oxygen 
from iron since impurities such as SiO. and Al.O 
are not reduced. 

Method B was similar to Method A except that 
CO-CO. H.-H.O, 


and the oxygen content was determined by reducing 


mixtures were used instead of 
with dry hydrogen im situ and collecting 


Nesbitt 


anhydrone, which were then weighed. 


the sample 


the water formed in absorption tubes 


containing 
The “‘blank” from the furnace tube could be reduced 
to 2-3 mgm. of HO per hour, and since up to 100 
em. of iron could be used, the limit of sensitivitv was 
about 0.005 per cent. 

The 
experiments which were carried out by methods A 
and B this 
point, since it conditioned the design of the final 


principal information resulting from the 


may conveniently be summarised at 


method of determination. The following points were 
established: (1) At temperatures below 900°C the 
changes were too slow for equilibrium to be reached 
with iron foil of only 2/1000 


mn Many hours even 


inch thick. This would account for the gross discre- 
pancies between the results of various workers who 
have attempted to equilibrate iron with iron oxide 
in the lower temperature range. (2) At 1000°C the 


0.01 cent oxvegen. 
1400°C , 
measurable amounts of oxygen were taken up by 
0.05 1375°( 


at the same time, the 


solubilitv cannot exceed per 


? 


(3) At higher temperatures, especially near 


the iron, e.g per cent at about and 


1465°( 


progressively 


0.12 per cent at , but, 


Was being contaminated by 


material derived from the refractory tube. For 


example, the 1465°C sample had originally 0.014 per 
cent silicon, but after some hours in the hot tube it 


was found to contain 0.097 per cent Si on the outer 
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layer of foil and 0.033 per cent Si in the central core 


Phe reaction by which silicon in iron causes the 


uptake of oxvgen in a form reducible by hvdrogen 
will be discussed later. Probably silicon was extrac- 
ted from the alumina refractory (in which it is 
always present, at least in traces) by reduction to the 
volatile suboxide, SiO. (4) Slightly impure iron foils 
showed a very high “apparent solubility’ for oxygen 
compared with high-purity iron. (5) High-purity 
iron foil to which 0.06 per cent manganese was 
added (by followed by 


evaporation Vacuum 


annealing) showed an enhanced oxygen uptake 
which would agree roughly with the amount expected 
by internal oxidation on the assumption that an 
ideal solid solution of FeOQ—MnO is produced under 
the conditions of the experiment. 

It is evident that, to be satisfac tory, a method 
must satisfy the following conditions: (a) It must be 


sensitive to better than 0.01 per cent. (b) It must 
entirely exclude hot refractories or other possible 
sources of contamination. (c) A detailed analvsis ol 
the iron for all significant impurities present to the 
extent of 0.001 per cent or more is essential. If such 
impurities exist, their influence must be carefull) 
considered, since otherwise an apparent solubility 
may not correspond to true homogeneous solution 
Method C, 

Final Method C. A strip of high-purity iron foil 
2-4 


andths of an inch thick was heated by passage of an 


These conditions were satisfied by 


about 5 inches long, 3 inch wide and thous- 


electric current through it, while it was subjected to a 
controlled atmosphere in an all-glass vacuum appara- 
tus. The strip was first reduced with pure dry 
hydrogen, and then heated for various periods in 
CO-CQO, gas mixtures to produce dissolved oxygen 
but not iron oxide. The CO—CO. mixture was then 
replaced by dry hydrogen again, and any oxygen 
removed as water 


present in the iron was thereby 


vapour which was condensed out in a liquid air 


trap. Finally, the trap was isolated and the amount 


of water was determined by evaporating it into a 


small measured volume in which its pressure could 
be determined. 
The Water-Vvapour method ol determining OxXVeen 


in metal, which is due to Baker 9], is potentially 


verv sensitive: in theory 0.0004 per cent oxvgen 


could be detected with a 1 gm. sample of iron in the 
present apparatus. In practice, however, the sensi 


tivity was limited irreproducibility ot the 


“blank” arising from desorption of water vapour 
However, it was 


had 


+ 0.002 per cent oxvgen 


from the walls of the apparatus 


estimated that the final readings a probable 


error of only about 
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A pparatus 


Figure diagram of the Pyrex vacuun 


apparatus used. R is the reaction vessel, containing 
the sample of iron foil Fe, which was heated via 
tungsten seals 


heavy copper leads (Cu) and 


J isa 


could be 


large flanged joint by which the assembh 


inserted or removed. 7R is the trap in 


which water could be condensed (see below it was 
subsequently evaporated into the section of appara 


and 7 


manometer, 


tus between 7 , its presence being read by the 


B is 


used to enlarge the volume of this section in case the 


mercury a bulb which could be 


water vapour pressure proved too high for accurate 


measurement in the smaller volume [9 


To Hg diffusion 


pump, etc 


C7 


i cVlinder was passed slowly ovet 


400°C, ied by 


[D,) and stored at atmospheric pressure in 


Hydrogen from 
palladised asbestos at anhydron¢ 
the bull 
S ready tor admission to the samplk ice Impurities 
removed by this treatment are not 


CO-CU 


not significant 


mixtures were specially prepared 


cvlinders by the British Oxvgen Company; the 


were analysed and found to contain 10.2 and 14.6 per 
cent CO. by volume 
ratios of 0.114 and 0.175 


to correspond to 12 to 2.3 of the critical CO./CO 


respectivel) } CO 


ratios were select 


ratio which would be required to form FeO i 


range 1200—1500°( For this data the results o 
Darken and Gurry |10 
it 1224°C the crit 

Ke—FeO equilibrium w 
1493 it was 0.199 he 


the gas mixture was 


were em ved lor example 


respondin to 


verted to ry. ID 


14 
& 
OTs 
Te 
B 
( F 
dh 
T, 
Fe 
| U 
iCu 
W Hg 4 D 
i | —— Power “ 2 
FIGUR 
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isbestos at 400°C, and followed by drving with 


nhvdrone. 
Phe CO-CO 
ertain amount of carbon into the iron. Calculations 


that the 


mixtures used would introduce a 


based on the work ot Smith [11] showed 


imount introduced with gases at 1 atm. would be 
less than 0.02 per cent C but to keep it even lower 
used at 0.1 


reduce the 


the mixture was atm. pressure, which 


would carbon uptake but would not 


nfluence the oxvgen absorption. The carbon taken 


up under the conditions used would amount to 


ibout 0.005 per cent. This would not complicate the 


determination of oxygen in the iron by hydrogen 


present a proportion of the oxygen is evolved as CO 
instead of 


reduction large quantities of carbon are 


The Iron Samples 


iron trom several sources has been 


High-purity 


used, and attention given to the trace impurities 


present. In each case the samples of iron were rolled 
Messrs 


to avoid contamination 


to foil by Johnson with special 
Care 

Iron A wasap irticular batch ot “sponge iron’’ of 
high purity prepared by Messrs. Johnson Matthey 
for the British Iron and Steel Research Association 


Iron N was a high-purity iron prepared for the 
British Iron and Steel Research 


“\H") by the National Phy 


is a high-purity 


\ssociation (code 
| aborator\ . 
the U.S. 


manufactured during the 


sical 
iron from 
Bureau of Standards, well 
known researches of Cleaves |13 

Irons X, ¥Y and Z 
made it the ational Physical 
similar to N, but containing 
X had 2.89 pel 
nd Z 0.013 per cent Si 
2/1000”, 


were three high-purity iron 
and 
added 


Mn, Y 0.18 


laboratory 
deliberately 
namel cent 
per cent Mn, 
lron \ was rolled to 
thick 


to 4 1000” 
] 


as possible 


illoy 


and the remainder 


Strips about wide and as 


were cut for use. The analvses 


of these irons according to the suppliers are given 


n Table 1. 


he figures are approximate only. 


\BLI 


IMPURITI 


02 O14 
003 003 
001 Oo! 
0046 .00 
0035 .00 
004 013 


*\lo 
*N one 


spectrum 


002, \ 
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Heating and Temperature \leasurement 


The 
electrodes; copper was used because it would not be 
oxidised in the CO—CO 


iron strip was mounted between copper 
mixtures used and it could 
not dissolve significant amounts of oxygen under the 
conditions of the experiment [7]. The strip was 
heated by passage of an a.c. current supplied by a 
variable auto-transformer, the external leads being 
cooled by a stream of air. This method of heating the 
iron was essential to avoid contamination from hot 
refractories, and, although the temperature of the 
strip was slightly lower at the edges than in the 
centre, and considerably lower near the ends owing 


to conduction, there was a substantially uniform 


zone 4 inch long over which the temperature did not 
vary by more than 20°. The arrangement could be 
CO-CO the thermo- 

FeO + CO 


mixtures because 
CO = 


a mixture which is not oxidising at 


used with 


dynamics of the reaction Fe + 


show that the 


highest temperature ol the strip will not be oxidising 
near the electrode 


at lower temperatures (e.g., 


connections). (This would not be true with H.-H.O 


mixtures.) Consequently, the only deficiencies of the 
strip heating method for the present purpose were 
(a) that it would give slightly low results since a 
small proportion of the strip (estimated by colour as 
10 per 


temperatures at which the rate is slow; (}) it was found 


cent of the total area) would be at lower 


that temperatures much above 1400°C could not be 


maintained for long as the strip rapidly developed a 
“hot spot” and burnt out. Because of this limitation 
ol the strip-heating method, the present work has 


been restricted to the region of the y-phase of iron. 


FIGURE 2 


Temperatures were measured by sighting a 


disappearing filament optical pyrometer on the 


centre of the strip. To avoid condensation of iron on 
the window, the latter was made to project from the 
R on a tube of bore (see Fig. 2 
acted as a 


vessel narrow 


which trap for iron vapour. Since a 


heated iron strip is not a “‘black body,” a correction 
was applied to allow for the emissivity coefficient; 


Burgess [14] and his co-workers have given a value 


| 
| 
O06 O04 OR OO35 01 
004 001 O1 00 O06 001 
002 0005 002 
004 001 006 006 00 
18 OO9 001 006 OO OO; 001 
Z 0024 009 00 00 00 006 001 
of 47 other elements could be identified in the ar 
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of 0.39 + 0.01 for the emissivity of pure, smooth was repeated several times until the amount of water 
iron in the temperature range 1000-1500°C. A collected had fallen to a low, constant value (the 
correction amounting to about 15°C was also neces-  ‘‘deoxidising blank’’) which usually corresponded to 
sary to allow for the measured absorption by the about 0.004 per cent oxygen on the weight of th 
Pyrex glass window. The pyrometer had been sample taken. The specimen then resembled plati 
calibrated at the National Physical Laboratory num in appearance 
It was assumed that the specimen was now full 
Procedure 
reduced, at least as far as FeO was concerned 


A strip of one of the high-purity iron foils was cut, (Oxides of any impurities not reduced by this 


carefully cleaned, weighed, and mounted in the treatment are therefore deliberately excluded fron 
copper electrodes and then assembled in the vessel the determination. 
R. The whole apparatus was then evacuated with a he next stage w 
brium with the prepared CO—CO. mixture; this was 


is to bring iron strip to equili 


mercury condensation pump. 
introduced via 7’; to give a pressure of about 100mm 


The next step was to deoxidise the iron completely. 
lhe: bulb S was filled with purified hydrogen to a The iron strip was heated to the required temper: 


pressure of 1 atm. 72 was then cautiously opened, ture in the mixture for a measured time (e.g., 10 


to build up a pressure of about 50 mm. of hydrogen minutes), and the current was then switched off to 
i 


in vessel R, as indicated on the manometer 7. The quench the equilibrium. Because the composition of 


iron strip was heated by gradually increasing the the mixture would not permit formation of FeO, the 


about 2 minutes, the iron remained perfectly clean and bright under this 


current through it until, in 
temperature reached about 1250°C which was then 


maintained for 10 minutes. After this preliminary The final stage 
gen absorbed by the iron from the CO—CO, atmos 


treatment. The CO—-CO. mixture was pumped off 


» was the determination of the ox. 


deoxidation in hydrogen the current was switched 
off and the iron strip cooled in a few seconds. The phere. This was carried out with pure hydrogen at 
hydrogen (containing a trace of water vapour) was 50 mm. pressure at 1250°C exactly as described for 
pumped off through 7. This deoxidation procedure  deoxidising the iron, 
densed and measured In practi 


the water \ ipou hein COl 


was repeated but the water formed was now con 
densed in trap 7‘R by means of liquid nitrogen, the — cases the first 10 minutes 
hydrogen being pumped slowly off via 7, and 7 all the oxygen, and subsequent treatments 
rhis method of collecting the water formed was the constant ‘“deoxidising blank.’ 

ascertain whether th 


suthced to re 


found necessary as it was not possible to rely on 
diffusion alone to transport water vapour trom R to O-—COz was long enough to allow equilibriun 
TR (as in the method ol Baker . The effectiveness of reac hed, the 


the procedure was checked by admitting into R repeated for increasing 


treatment in the gas mixture 


small amount of water vapour (measured by thi further increase in the oxvge! 
pressure it exerted in the measuring volume) with a 
Precautions 
stream of hydrogen from.S. This was then removed in - 


the manner described above, the water being re- a) After a number of 


condensed in 7R and measured again. The accuracy specimen had been mad 
was better than 90 per cent, which was adequate became less reproducibl 
% the caused by irreversible sorption of water vapour ot 


for the present purpose. The measurement « 
TR was effected by — the thin film of iron which gradually accumulated o1 


amount of ice condensed in 


warming 7R with tepid water, then allowing it to the cool glass w 
(measured) and finall trouble the strip was replaced after 8-10 runs and the 


ills ot vessel lo th S 


reach room temperature 
measuring the movement of the manometer with a_ inside walls of R were thoroughly cleaned wit! 
short-focus vernier microscope reading to 0.02 mm. dilute HCI solution, rinsed with acetone, and dried 


with hot air. After such treatme } iter Vapoul 


tioned 


From this pressure the amount of water (and hence 


oxvgen) was easily calculated, knowing the volume — recovery from R was restore 


of the apparatus between 7) and 7» (previously bove 
calculated before assembly of the complete appara- It was considered 
tus). After measurement, the water was pumped ial segregation of the 
away via 7» iegligible, but 


Che above procedure for deoxidising the specimen were carried out with a 


~ 
move 
to he 
periods time int 
‘ 
repeated heatings of 
1 
this Maratus 
it 
¢ ¢ mixture woul 
pre utio sever 
U min nst Cat 
stre stead ot statn 
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Phe 


‘“‘deoxidising 


mixture. results unchanged. 


the 


were 
Che 


procedure 


blank” obtained from 


described above arose from traces of 


iter or oxvgen in the hydrogen and from water 


lesorbed from the walls of the glass apparatus. With 
the precautions mentioned, it reached a constant, 
low value, and theretore did not seriously reduce the 


icuracyv Ol 


this did 
ideally be 


all the stages without 


the determination. However, 


not give the true “blank’’ which would 
obtained by carrving through 
the presence of the iron specimen. In particular, it 
was necessary to ascertain if any water was taken up 
from the CO—CO the vessel R. Untor- 


the conditions of heating during the gas 


mixture by 
tunately, 


treatment period could not be exactly paralleled 


without heating the filament, but to approximate to 


the same conditions as closely 


as possible R was 
carefully heated on the outside for 10 minutes with a 
hand blow-lamp until the walls were heated to about 


the same extent as they reached by radiation from 


during the main with iron. The 


blank”’ 


0.9 mm. of water vapour in the measuring volume as 


the filament run 


‘probable determined in this way was 


compared with 0.5 mm. for the ‘‘deoxidising blank,” 


and this factor contributed the largest source of 


uncertainty in the final results. 


Results 


lo illustrate the method of measurement, Table 2 
gives a typical record of readings obtained for one 


specimen. 


rABLE 2 


RECORD OF A TYPICAL DETERMINATION 


Pressure of 


collected 


lime Temp. 
min Cc 
in mm. Hg) 
Preliminary 
deoxidatior 
Second 
deoxidatio 
Deoxid 


CO-CO.( 100 mm 
H 50 


mm 


of specime: 
ratio 0.17] 

duc 
0.64 mm., 


iron ‘A’) 0.620 g. Room temp 
Probable blank’ 0.90 


to oxy 


mm 


} 


gen absorbed by specimen 


0.90 which corresponds to 0.040 mg 


ot oxvgen per mm. pressure 


oxygen absorbed by iron 1365 °C 0.004%. 
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Che oxygen absorbed by the iron was thus small 
(0.004 per cent) although just significantly greater 
than the “‘blank.”’ 

\ number of runs were made with the different 


irons and at several temperatures, and the final 


values obtained (calculated as tor the example 


? 


recorded in Table 2) are summarised in Table 3. 


TABLE 3 


SUMMARY OF FINAL RESULTS WITH HIGH-PURITY IRONS 


Oxvgen absorbed from mixture with CO.-CO 0.171 


Wt. per cent 
lemperature oxygen absorbed 


+0.002 


004* 
004 
004 


002 
002 
002* 
002 
002 
O02 
002 


S = static gas mixture at 100 mm 
Str. = 


pressure 
streaming at mean linear flow rate of 1 « 


Mean of two determinations 


Table 4 the 


iron-manganese alloys X and Y. 


summarises results obtained with 


Accuracy 
The 


+ 0.002 per cent. The consistency of the final results 


probable uncertainty was estimated as 


for different runs and different irons is satisfactory 
evidence that there were no large random errors 
unrecognized, and the results with alloy Y showed 
that when an appreciable uptake of oxygen (in the 


second decimal place) occurred, it could be measured 


satisfactorily. 


rABLE 4 


SUMMARY OF RESULTS WITH IRON-MANGANESE ALLOYS 
Per cent oxygen 


lemperature 
: absorbed ( +0.005 


C + 20 


0.1 
2.89% Mn 


0.034 


0.18% Mn 


114 
171 
171 


0.030 
0.050 


0.041 
100 mm 


(CO-COz mixture static at pressure 


|_| 
used C + 20 Gas | 
1365 S 0 
1412 S 0 
N 1330 S 0 
1423 S 0 
1350 Str. 0 
1423 Str 0 
Set 
3. 
Dlank 0.50 
0. 52 
>. Oxvgen plake 
6. Analvsis rut 10 1282 L.54 
7 Deoxidising X 
blank 0.54 
\ 1330 0.114 
1412 0 
Hence, pressur — 
1330 0 
1.04 
1412 
| 
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Discussion 

In spite of the high values which have sometimes 
been reported for the solubility of oxygen in iron,* the 
lowest values appear more likely to be correct on the 
The 


oxide in liquid iron is now fairly well established; at 


following grounds. (1 solubility of /iguid 
1528° the limiting solubility is about 0.16 per cent 
oxygen. The solubility in solid 6-iron must be /es 
than this value. (2) The maximum lowering of the 
freezing point of iron in equilibrium with liquid iron 
oxide is 10° + 1°C [15]. Applying the van t’Hofi 
equation for equilibrium between a dilute liquid 


solution and a solid solution, 


AH AT 
RT, 


solid 


No(liquid) — 


AT = 


melting point of pure solid, 


heat of fusion, lowering ol 


AH = 


melting point, 7, = 


where 


No. = atom fraction of solute). The heat of fusion of 
iron is about 3.6 kcal and the melting point is 
1539°C. Hence one obtains for the maximum oxygen 
content of solid 6-iron 0 + 0.016 per cent at 1528° 
The solubility in y-iron would probably be smaller 
than in 6- (or a-) iron, judging by the behaviour of 
hydrogen and nitrogen, and by the fact that 6-iron 
is a slightly more open structure than y-iron. 
(3) Incidentally to their study of the carbon dissolved 
by iron from CO—COs, mixtures, Diinwald and Wag- 
ner [16] concluded that the oxygen solubility could 
not exceed 0.01 per cent at 800°C. (4) Sloman [4] 
was able to detect by refined metallographic methods 
the presence of particles of oxide in high purity iron 
cooled from the liquid state and containing only 
0.006 per cent oxygen, whereas no inclusion could 
be seen when the oxygen content was 0.003 per cent. 
These observations suggest that between 0.003 and 
0.006 per cent of oxygen can exist in solution, but 
unfortunately the temperature for which this 
result applies is in doubt. 

The apparent solubility in high-purity gamma iron. 
that 3 out of 4 high- 
to absorb 0.002 + 0.002 


The results in Table 3 show 


purity irons were found 
per cent by weight oxygen at temperatures varying 
from 1330°C to 1423°C while the fourth (A 


0.004 + 0.002 per cent. Clearly, the lower values are 


Yave 
the more significant as measures of the behaviour 
of pure iron. 

There was no significant difference at different 
temperatures or with the three different irons N, U 
and Z, the impurity contents of which differ (Table 
1). The value 0.002 + 0.002 per cent is therefore 


*See note added in proof, p 101 
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GAMMA IRON 


taken as represen tative 


Chis 


{ 
irom 


in the gamma range 
ipparently dissolved 


0.171 


temperature 


ratio Sit vert’s 


\pplving 


In the middle of the + ranges leads to 


theoretical limiting solubility for tron equilibri 


with FeO of 0.003 0.003 per cent by weight 


>) gnijicance. The \ ibove IS lowe th 


any previously recorded. It is consistent with th 


evidence, already mentioned, trom the 


point depression and trom the metallographic worl 
of Sloman. 


It remains to consider, however whether 0.003 


per cent should be accepted as the true solubility ot 


oxygen in gamma iron. It should be emphasized that 
a) the present results were obtained with very high 
purity irons, but all the samples contained impurities 
exceeding 0.003 per cent, and (6) the experimental 
that, even with 
could be less than 0.001 


uncertainties allow the possibility 


these irons, the solubility 


per cent, 1.e., experimentally immeasurable with an\ 


iron obtainable Che lact that the oxygen uptake 


observed Was independent Ol temperature supports 
the view that it did not represent true solubility of 
oxvgen in iron 


These very low results are not necessarily incom 


patible with the evidence oxvgen will diffuse 


through ordinary iron. In the absence of any clear 


mechanism for entry of oxygen into the iron lattice 
(see below), an estimation of the order of magnitude 
of volume diffusion through iron cannot be made, 
erain-boundaries 


oxide along 


likely 


Known to 


but penetration ol 


seems a much more mechanism. Grain 


boundary diffusion is occur in man. 


a lower activation energy than volume 


las not heer 


metals with 


diffusion [17]. This possibility examined 


in the iron—oxvgen system 


Influence of traces of alloying element The present 


work has shown conclusively that slightly impure 


iron can absorb appreciable quantities of oxvgen at 


oxvgen activities where no oxide of iron can form 


Chere is no doubt that this oxvgen forms oxide 


‘inclusions’ of elements which have a_ higher 


affinitv for oxvgen than has iron (‘‘internal oxida 


tion’’). The maximum amount of oxygen that could 


be taken up can be calculated from thermodynami 


data if the probable oxidation products are know: 


Several different cases mav be distinguished 


of the oxide of the 


Che free energy of formation 


impurity is smaller than that for 
| 


NiO 


inert and will have no influence on the oxygen 


ITO! e.2 


In this case the alloy Ing element will be 


absorption. Thus, the relatively high content 


the highest-purity iro 
the mount Of Oxver 
—— mixture of CO.—CO 


has no significant 


ot Ni in iron A 


effect. 


0.08 per cent 


he impurity forms a pure oxide, not reducible 
by hydrogen at 1250°C. Such an element would 


undergo internal oxidation, but would not 


influence the measured oxidation absorption 
when that is measured by hydrogen reduction. 
a compound with FeQ, 
chromite), FeOQ.Al.O 


Such a compound could influence the apparent 


[he impurity forms 
tor example, KeOQ—Cr.O 
hercynite favalite 


solubility ince the KeO component would be 


reduced by hydrogen although the other 
component oxide would not 

he impurity oxide forms a solid solution with 
| eM). This is probably the Case W ith Manganese, 
MnO solutions 


recovered partially, 


which forms FeO On reduction 


the oxvgen would be but 
\InO is only slowlh 


It can be shown trom the reaction isotherm that 


reduc ed 


vith a given CO-CO, mixture there is a critical 
concentration for each active impurity below which 


8]. With 


. this critical concentration is so low 


would not undergo internal oxidation 


Si, V, T1, Al, et 
that any detectable amount of the element present 
( be considered potentialh available for internal 
oxidation. 

With 
the ritical 
0.018 to 0.054 per cent tor the conditions used in the 


manganese, however, assuming ideality, 


concentrati is found to range from 


present Consequently, the manganese 
present in irons A, N, and Z would not react whereas 
that in X and Y could do so. It was ipparent that a 


it could be seen as 


experiments 


separate oxide phi se did form, as 
lov X 
small cry Further, the 
absorbed by alloy Y Table 4 
eht order of magnitude tor that exper ted if KeO 
\InO_ solid 

bout halt the 


dull film with which under the microscope 


stals. amount ol 


wed 


oxveen was of the 


solutions were formed: the values are 


theoretical maxima, but this is 


ilmost certainly due to the slowness of reduction of 


\InO by 


Silicon 


hvdrogen 
a significant impurity in all the irons 


to 0.014 per 


oxygen 


sed, ranging from 0.001 per cent in | 


\. ‘| heoreti ally 


0.001 


this could result 11 


0.016 


nt in 


bsorptuons oO! per cent to per cent 
is probable that the slightly high 


0.004 per cent 


respectively It 


value obtained with A is due to its 


rher level of impurities, but evidently at very low 


concentrations impurities such as silicon do not 
form the thermodynamicalls 
Probably is difficult 


when such minute quantities of oxidation product 


readily react to 


permissible phases. nucleation 


have to be formed at grain boundaries 


1953 


Conclusions 


The solubility of oxygen in gamma iron has been 
0.003 + 0.003 but the 


measured as per cent, 


experimental evidence would be entirely compatible 


with an experimentally immeasurable value (<0.001 


per cent) for absolutely pure iron, since all available 


irons contain impurities which could in_ theory 


account for the bulk of the small ‘“‘apparent solubil- 
itv.”’ It is clear that true solubility is quite negligible 


but the absorption of! 


for all practical purposes, 


oxvgen by the process of internal oxidation of 


impurities is certain to be significant in all kinds of 


iron and steel used in practice. 


The structural reason for the very low solubility 


certainly a steric one. 


oxygen in iron is almost 


If oxvgen in contact with is postulated to 


become O this ion is certainly too large to enter 
the y-iron lattice either interstitially or substitution- 
ally, 
lattice is 1.26 A; the octahedral holes are 
<K 1.26 = 0.74 A, the 


2) ion is 1.36 A. On the other hand, Barrer [18] 


as the radius of the metallic iron in the gamma 
therefore 


0.59 whereas radius of the 


has suggested that in the known interstitial solid 


solutions of oxvgen in silver, zirconium, titanium, 
and vanadium, the oxygen, metal radius ratios are 
0.56, 


compatible with interstitial solution (namely, 


0.50, 0.55, 0.60) if it is assumed that oxygen atoms 
occups octahedral sites with a coordination number 
radius 0.803 A 


is still too large for oxvgen to dissolve interstitiall, 


ol 6 This same radius, however, 


in iron or copper (radius ratio 0.63). The size factor 
therefore accounts for the vanishingly small solubility 
ol oxygen in these metals. These conclusions suggest 
diffusion of oxygen iron is probabl: 


that the 


intergranular 
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Note Added in Proof 


Dr. J. Pearson has informed the authors of some 


new work done by the metallographic method, 


which was reported at a_ recent meeting ol 


IN GAMMA 


la Societé Francaise de \ét 
lor ¥ iron were 0.029 per cent 


cent at 950°, and 0.077 per cent at 1000° ¢ 


values, if not due to internal oxidation of impurities 


must represent an entirely different phenomeno1 


studied by the gas—metal equilibriun 


from. that 
method described here. When 


heated in contact with wiistit t 1s 


massive iro! 


to he expect 


that a film of oxide would spre temperatt 


far below its melting point, over surtace of 


possibl] into the 


individual grains, and 


boundaries” other imperfections that 


exist in real metals 
|mperfections in Nearly Pe 
John Wiles 1952 


be invisible 


known to cf. Guinier 


‘rfect Crvstals 


Shocklev oxide film 


even to the electron microscope 


| therefore 1 spurious “‘solubility’’ which 


wil 


will increase with rise of temperature owing to 


work on 


increased spreading pressure interpretation 


confirmed | illel singl 


could he 


crvstals 


It follows, therefore, that the metallographi 


method will give high results, and is inherent] 


unsuitable for studving homogeneous, thermo 


dynamic solubility in metals for which other ey 


dence indicates a verv low t ue solubility 
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LETTER TO THE EDITOR 


Similar Glide Processes in Ionic and Metallic 
Crystals* 

In a recent extensive study of the plastic deforma- 
tion of single crystals of sodium chloride [1], certain 
features of the mechanism of deformation were 
observed which accounted for the particular shape 
of the strain-hardening curves. Use of the Schlieren 
technique [2] showed that deformation occurs at 
room temperature by a process of simple slip, 
similar to that in metals, on the (110) plane in the 
(110] direction, and not mainly or entirely by kinking 
as suggested by Orowan [3]. In the early stages of the 
deformation, where the mechanism is comparable 
with that of metal crystals, two basic types of 
strain-hardening curve were found, and_ using 
both the photo-elastic method of investigation, and 
the Schlieren technique, it was possible to account 
for the two types of curve. 

On analysis, one type of curve was found to be 
accurately parabolic in shape and deformation 
occurred throughout by simultaneous slip on two 
mutually perpendicular systems. For systems of 
plane dislocations, intersecting at 90° as in this case, 
Heidenreich and Shockley [4] have shown that the 
shear stress required to move the one through the 


other is of the same order as the shear stress required 


to move dislocations of opposite sign past each other 


on nearby slip planes. An analogy can be drawn 
between this interpenetrant type of slip, where the 
number of slip planes increases in each system, and 
the square array of dislocations of opposite sign, 
Tavlor [5] in his original dislocation 
that the 


pictured by 


theory of work-hardening. He showed 
shape of the hardening curve depended on the shape 
of the array built up during deformation, and for a 
predicted a parabolic curve. In 


square array he 


simultaneous double glide of the type found in 
sodium chloride, the stress centres are built up on a 
nearly square array of interpenetrating glide sys- 
tems, and a parabolic curve is observed. 

The second type of curve breaks sharply away 
below the parabola and becomes almost linear, as did 
the curves of Theile [6], and in this case the break in 
the curve coincided with the appearance of kink 
facets, and the cessation of glide on one of the two 
equally favoured systems. In sodium chloride, the 
the 


planes because they are normal to the active system, 


planes of inactive system become the kink 


and their spacing remains virtually constant through- 
out the deformation. The spacing of the glide planes 


*Received October 2, 1952. 


of the active system decreases linearly with strain, 
and this, together with the experimentally observed 
constant amount of slip on each plane, accounts for 
the linear period of the strain-hardening curve 

lo summarise, when sodium chloride deforms by 
double glide, that is by the simultaneous operation 
of two mutually perpendicular glide systems, a 
parabolic strain-hardening curve is found; whereas 
single glide gives an almost linear curve lying below 
that for double glide. 

It is interesting to compare these strain-hardening 
curves with those of metallic single crvstals where 
the deformation mechanism is supposedly the same 
Crystals of the hexagonal metals of suitable orienta- 
tion deform by means of a single glide svstem on the 
basal plane, with a linear strain-hardening curve up to 
400 per cent extension, while the Laue spots remain 
sharp without the appearance of asterism. Further 
more, R6hm and KochendGrfer [7] have shown that 
when tested under conditions approximating to pure 
the end restraints were no longer 


shear, where 


effective, the hardening curve of single crystals of 
rather than parabolic, and 


| he 


testing was 


aluminium was linear, 


asterisms were absent. significant feature of 


their method of that the ends of the 
specimen were free to rotate, during the deformation 


While 


Important 


this eliminates the end restraints, a more 


effect 1 ‘ the crystal retains its 


original orientation with respect to the axis of 


straining. In normal tensil the active glide 


testing, 
svstem rotates towards the axis of straining during 


deformation, until another svstem is as favourabl) 


orientated and multiple elide an theoretic lly oOccul 


In the pure shear experiments this rotation is 


eliminated, and glide on the single active svsten 


continues throughout the [hese two cases ot 


single glide system producing linear strain-hardening 
are comparable with the equivalent case 
glide in sodium chloride 

In the more general case of the deforma 
face-centred cubic crystals by normal 
techniques, the shape of the hardening curvs 
initial orientation 


be determined by the 


) 
} « 


crvstal. There are 


(111) 


axis near the cube axis eight systems can 


twelve slip systems of the 
110], and it can be seen that with the tensior 
operat 
111] there are SIX possible 


With 


with the tension axis near 


svstems, and near [110] four svstems the 


crystal close to these orientations, multiple glide on 


two or more svstems should occur trom 


Che tvpe ol inter iction to be 


ning of deformation. 
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expected has been calculated by Lomer [8] who has 
shown that dislocations on different glide svstems 


the ftace-centred cubic lattice will attract one 


inother, and combine to form a sessile dislocation 
which should 


influence the rate of hardening. The 


experimental evidence of Masing and Raffelsieper 
9] on single crystals of superpure aluminium con- 
firms this theoretical prediction. Single crystals 
oe. 100 111] axis 


more 


orientations near the and 


showed a steeply rising curve, which was 


pronounced the closer the orientation was to the 


ixes. A specimen which has the largest possible 


otation and extension on a single glide svstem, 


before the onset of double elide, showed a linear 


curve lIving below those for multiple glide, and 


specimens of intermediate orientation had a corres- 


ponding! 


shorter linear hardening period. A very 


recent pa by Liicke and Lange [10] provides 


further ] confirmation of the effect of the 


tation on the shape of the strain-harden- 


Their 


Masing and Raffelsieper on 


materials. work is an 


extension of that of 
superpure aluminium to higher degrees of deforma- 
and their results are in good agreement with the 


The 


the glide svstems interact may be 


tion, 


earlier work. increased rate of hardening 


observed where 
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compared directly with the parabolic hardening due 
to double glide in sodium chloride. 

A full account of the work on sodium chloride is 
being prepared for publication, and | wish to thank 
Establish- 
to publish 
Report 883. 


the Director, Atomic Energy Research 


ment, Harwell, for permission these 


extracts from A.E.R.E. 


\tomic Energy Research Establishment 


Harwell, England 


References 


|. Pease, h.D 
2. Lomer, W. M. and 
1952) 409 
OROWAN, E Nature, 149 (1952) 643 
HEIDENREICH, R. D. and SHOCKLEY, \\ 
th ot Solids, 1948 


ersity, 1951 
Metals, 80 


Cambridge | 
] 


thesis, 


Inst. 


ence, Streng 
, 145 (1934 


1932) 763 


Payor, G. | Proc. Roy. So 
PHEILE, Physik, 75 

ROHM, E 
1950) 265 

LomER, W Phil 

MAsING, G. and 
1950) 65 

LUcKE, 


IKOCHENDORFER, 


Mag., 42 (1951) 1327 
RAFFELSIEPER, | Z. Metallk 


Z. Metallk., 43 


1952 


PRATT 

Bristol Confer 
ng curve With pre 65 

7 Z Metallk 41 

Ss 

9 41 
| 


BOOK REVIEWS 


Imperfections in Nearly Perfect Crystals. 
Edited by W. Shockley, J. H. Hollomon, R. 
Maurer, and F. Seitz. New York: John Wile) 
and Sons, Inc.; London: Chapman and Hall, Ltd 
190. $7.50, £3. 

1950 a 
Pocono Manor, Pennsylvania, under the sponsor- 
ship of the U.S. National 
discuss the nature and properties of crystal impet 
the 


1952. Pp. xi + 


In October, conference was held at 


Research Council, to 


fections. An outcome of conference 1 the 
publication of this book, assembled by an editorial 


led by W. Shockley the 


and discussions that were presented there. 


committee from 


et 


The highly stimulating title, which reminds us 
that a crystal imperfection can be defined precisely 
crystal, 


if and only if it is surrounded by 


and at the 


same time hints that the best way to 
study these imperfections experimentally is to work 
with nearly perfect crystals, presents a challenge 
which the authors of the seventeen articles in the 
up. The 


Perfect 


book are take first article, 


Nearly Crvstals \ 


Seitz, is a monumental work in 


not slow to 
“Imperfections in 


Synthesis,” by F 


which the author’s exceptionally wide knowledge 


of all kinds of crystal imperfections is directed 
towards the creation of a unified and all-embracing 
picture of the imperfect crystal. Perhaps this aim 
was a little too bold, and the task is at present an 
the moment 


impossible one, for we do not at 


possess a homogeneous theory capable of genet 
a single basic principle, information 


the 


ating, from 


about all the various imperfections. Even so, 


reader will find this authoritative survey of pho 


nons, electron holes, excitons, vacant sites and 


interstitial atoms, foreign atoms, dislocations 


and even such birds of passage as neutrons, phot ms, 
valuable and inte 


and charged radiations—most 


esting. 


Provided one is content to deal with only the 


veometrical properties of imperfections a unified 
treatment may be possible, and the ideal tool for 
this is topology, since the persistence of crystal 
imperfections through purely elastic deformations 
that of topological 


One 


corresponds precisely with 
features during topological transformations. 
can imagine that the topology of erystal imper- 
fections may soon become a favourite subject in 
the mathematics seminar. Dislocations are 
ideally suited for this kind of treatment, as W. 1 
W. Shockley their 


article the Geometry 


pure 


Read and show so clearly in 


of Dislocations,”’’ which 


deals with such topics as the definition of 
perfect cryst il, the concept ol the Burgers circuit, 


dis 


ind the kinematic properties ol dislocations 


ipplications of topology ire not limited to 


and, in his article ‘‘Interphase Inter 


S. Smith 


locations 


faces,” ( shows how topologi il aT’? 


which 
| 


ments can be used to discuss the manner in 


lattices with different structures, orientations, anc 


spacings can be joined together at an interface 


hese ideas be import int in connection wit 


diffusionless transformations subject that 


discussed from a more experimental standpoint 
article ‘Imperfections from 


Phe 


technique for the d 


his 
1 Deformation 
X-fa 


tection and analysis of stacking faults is 


S. Barrett in 


lransformation author's 
development of an 
larly important contribution 

\lso important is another X-ray method 
scribed by B E Warren and 3 | \verbach 
their article ‘‘X-Ray Diffraction Studies of (¢ 
Work in Metals,’ which 
iccount of analysis of reflections from 


which, as W. 1 


in their discussion 


contains a very clea 
the Fourier 


cold-worked metal, an analysis 


Read and W. Shockley point out 


of the paper, goes far to prove that the cold 


worked state consists of a substantially uniform 


distribution of dislocations. In his review of “ Ex 


perimental Information on Slip Lines,’’ W. 1 


presents the interesting spectacle of a theoreti 


physicist giving the most straightforward 


accounts of experimental facts, and refusing com 


drawn regarding their theoretical 
implications papel is 
to the article by N. | \lott 
and \letals,”’ 


theories, mainlh developed in | ngland, 


pletely to be 
iseful introductior 
‘\lechanical Strengt! 


reep in which describes recent 


of hardening 


in solid solutions, of the vield phenomenon, and of 
\ new and simplified calculation 


different 


exhaustion reep 
ot alloy 


from that of the earlier theory, is ; 


hardening, which gives result 


valuable feature 
further analy solid solutior 


of the papel \ 


hardening is made by J]. S. Koehler in his pape 
“The Influence of Dislocations and Impurities on 
ot Metal 


an original piece 


the Damping and Elastic Constants 


Single Crystals.” This describes 


of work by the author on the motion of edge dis 


locations, which are pinned down by occasion 


a period 


the 


solute atoms, under the action of 


ternal stress. Some discrepancies appedl when 


theory is compared with experimental measurt 


ments on and the suggestion 1s made that 


coppel 


| 
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the distribution of solute atoms may not be random 
in practice, some segregation to dislocations or 
precipitation having taken place 

hese are the only two papers dealing specifically 
with the mechanical strength of imperfect crystals, 
and one might perhaps wish for more on this im- 
portant branch of the subject. By contrast, the 
topics of diffusion and crystal boundaries are dis- 
cussed very thoroughly in a series of papers. On 
the experimental side the articles by R. G. Brecken- 
ridge on “‘ Relaxation Effects in Ionic Cry stals,’’ 
and L. Apker and E. Taft, on “‘Studies of Alkali 
Halides by Photoelectric Methods,’ go far towards 
clarifying the complex interactions that take place 
between electrons, vacant sites, and foreign atoms 
in these crystals. On the theoretical side, J. Bardeen 
in an article ‘Diffusion in Alloys 
Effect” 
treatment of diffusion in binary 


and C. Herring 
ind the Kirkendall give a very thorough 
thermodynami 
allovs, which uses two diffusion coefficients, one 
for each component, and make an interesting de- 


duction about the relation between radioactive 


ind chemical diffusion coefficients. The article by 
C. Zener on Diffusion” 
brilliant including an 


“Theory of contains a 


assortment of new ideas, 


explanation of why the heat of activation is 


measured correctly experimentally even when it 


varies with temperature, and arguments to justify 


diffusion mechanisms other than that involving 


the movement of vacant sites. 
he papers on crystal boundaries dovetail into 
That by C. S. Smith 


ilready been mentioned. Writing on ‘‘Surface and 


one another neatly. has 


Interfacial Tensions of Single-Phase Solids,”’ ie 


Fisher and ©. G. Dunn present a most valuable 


tabulation of experimental data and discuss crit- 
ically the main methods for measuring these 
This experimental work is of course 


which W. T. and \W 


their “Dislocation 


quantities 


vital to the theory Read 


Shockley develop in article 
Models of Grain Boundaries.’ Besides giving a new 
ind simple derivation of their famous energy 
formula, they show that the absolute value of the 
boundary energy for copper, as given by dislocation 
theory, is within 15 per cent of the experimental 
Finally, A. 


structures in Crystals” survey of 


value. Guinier’s account of 


is an excellent 
the recent investigations in which the French 
school has plaved such a distinguished part, while 
the articles by B. Chalmers on ‘‘The Properties 
and Effects of R. Smol- 


uchowski on ‘‘\lovement and Diffusion Phenomena 


Grain Boundaries” and 


in Grain Boundaries” provide very useful accounts 
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of the properties of large-angle boundaries, es- 
pecially their mobility. 

It is a well-known fact, in these days of super- 
abundant scientific publications, that one cannot 
possibly afford the time to read original work unless 
it happens to strike at the centre of one’s own 


Many 


this problem. Textbooks do not succeed here, partly 


interests. solutions have been sought to 


because they have another job to do, while mono- 


are usually as time-consuming as_ the 


Single 


generally cover either onl\ 


graphs 


reviews are useful, but 


of the field of 


original papers. 
a part 
interest, or all of it at an insufficiently advanced 
level. The present solution, to publish a set of 
articles by experts, mostly at a level between that 


of a review and an original paper, and tightly 


disciplined by a commanding title, is an excellent 


one. 
\. H. COTTRELL 

Diffusion in Solids, Liquids, Gases. By W. 
Jost. New York: Academic 1952. 
Pp. 558. $12.00. 


Press Inc. 
In English.) 

Over the past twenty-five vears the topic ol 
diffusion, particularly in solids, has received great 
volumes 
the 


stimulus from carefully written survey 


Unlike the situation in many other fields, 
quality of the reviews in the field of diffusion has 
been sufficiently high that the publications have 
to consolidate the topic. 
fact that the 


subject has had the attention of an excellent group 


had a strong tendency 


Perhaps this is the result of the 


of physical chemists immersed in the best European 
the 


traditions in thermodynamics. In any case, 


reviewers have usually subordinated any personal 
the 


might subject —an 


attitude that is lacking in a number of fields of 


biases they possess 
interest to those concerned with the development 
of solid state theory. 

The 


who has had long experience in the field, is another 


present book, written by an investigator 
volume in the sequence of good surveys. Those of 
us who read Jost’s Diffusion und chemische Reaktion 
in festen Stoffen (Leipzig-Dresden, 1937) so avidly 
in the mid-thirties, for all the stimulation it offered, 
have looked forward to this book and have not 
found it disappointing. The new volume is much 
more concentrated in some respects: the topic 
of diffusion has grown so large that the writer has 
felt it advisable to restrict his attention primarily 
to it rather than to include much detail concerning 
solids. However, he calls 


chemical reactions in 


attention to other books by authors such as Cohn, 


1953 


BOOK 


Fricke, Hiittig and Hedvall in the fields touched 
lightly. By of 
added important chapters on diffusion in liquid 


only way compensation, he has 


and gaseous systems and on thermal diffusion. 


Perhaps the range of topics treated in the volume 


is indicated best by listing the chapter headings: 


I. The Fundamental Laws of Diffusion 
[| 
IV. 


Disorder in Crystals 

Theory of Diffusion in Solids 
Electrolytic Conduction and Ditfusion in Toni 
Crystals 

Diffusion in Metals and Non-Polar Crystals 
Solubility in Solids 

Permeation and Diffusion of Gases in Solids 
Mobility of Ions in Solid and Molten Metals and 
Allovs 
Surface Pro- 


Metals, Formation of 


tective Lavers and Related Reactions 


Reactions of 

X 
XI 
XII 


Diffusion in Gases 
Diffusion in Liquids 
Thermal Diffusior 


Che author has attempted successfully to combine 
in each chapter both the specialized and generalized 
the 


features of the topic, thereby making book 


usetul to the experienced investigator who desires 


a standardized treatment of the topic, to the 


amateur who desires a general survey of the topic, 
and to the student who desires to learn the funda- 


\ 


mentals in a thorough-going professional way. 


person in any one of these categories will find the 


volume highly profitable 

In perusing the pages the reviewer found it 
exceedingly difficult to discover items which might 
form the basis of any adverse comments on those 
subjects with which he is familiar. The only serious 


omissions he could discover were on topics which 


| 
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are undergoing rapid changes as a result of research 


carried out in the last two vears. Such lapses are 


impossible to avoid in a rapidly developing field 


and the writer has cut them to a minimum, first, 


by 


to proof and, second, by 


revising the text until the manuscript went 


including an addendum 
it the end of the book which contains a chapter 
by chapter presentation of important papers which 
appeared after it was no longer possible to revis« 
the manuscript. Among papers which fall in this 


category are those dealing with grain boundar\ 


diffusion in metals, repetitions of the older measure 

ments ot Seith and his co-workers (e.g. antimon' 
D 

energies have been obtained, and Zener’s theory 


of Do. 


topics and papers of this kind indicates only 


in silver) for which new values and activation 


From one point ol view the existence ofl 


that 


the field is an ex( iting one at the present Stage Ol 


development and that the volume will have an 
important place within this development. 

(he terminal chapter on thermal diffusion 1 
solids represents one of the first good reviews of 
n English during recent vears of which 
\gain, the 


Important 


this topic 


is reviewer feels 


the 
that Jost has done 


reviewer aware 


an service to the 


held of diffusion by presenting this topic from the 
general viewpoint adopted in the volume 


lo 


to give 


summarize: the reviewer finds it very eas 


a strong recommendation tor this volume 
for it represents another landmark in the develop 
ment of the subject of diffusion. Anyone interested 
in the topic will find it exceedingly valuable to have 


hand, 


has 


al hand, both ior veneral reading and as a 
reference book for the extensive research that 
been carried out in the field 
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A NEW METHOD FOR DETERMINING THE HEAT OF ACTIVATION FOR 
RELAXATION PROCESSES* 


WERT and J. MARX# 


\ straight line relationship is show 
temperature at which the maximum 
out as being the following: | a qui k 1 
2) a means of helping to locate the 
roughly from some other measur 
describe a given phenomena 


UNE NOUVELLE METHODE POUR LA DETERMINATION DE I 
D’ACTIVATION DANS LES PROCESSUS DE RELAXATION 
Il est montré, qu’une relation liné " | tivat 
et la température a laquelle a lieu le maxim 
fait qu'elle fournit: (1) un moyen rapide d 
2 moyen de localiser la position d’u 


2) un 
connue approximativement comme résultat de que 


i 
mathématique des facteurs qui décrivent phé 


EINE NEUE METHODE ZUR BESTIMMUNG DER AKTIVII 
RELAXATIONSVORGANGEN 
lit arel Zusamme ha 


ir, be der dieser 


Sie gibt (1) « 


Es wird gezeigt, dass 
tionsvorganges und der Temperat 
Wert dieser Beziehung besteht in foleendem 
aus einer einzigen Messung zu ermitteln, (2) eine Methode 
finden, went det gvefihre Wert der \kt 1eT 


ein Hilfsmittel, die verschiedens Fa 


matis¢ h ZU al aly sere 


numerous tor an 
Introduction 
clearly that 
There have been reported in the literature some between the activ 


ten or more relaxation peaks in metals. With the perature of the peal 


close to passing through 


exception of those due to flow of heat, thev are prob- 
ably all caused in one way or another by local ke ilso define 
diffusion of atoms. It would be desirable, both for the 


better understanding of the relaxations and for the [wo pieces « 


curves are dat 


ereater ease of finding new relaxations, to svstematize 


the data wherever possible. One instance of a a-brass and grain boundar 


arrangement of some ol the data is civen in first, point A in Figure 


paper low. The second, the ¢1 


is 35 kilo ilories 
Data and Analysis 
Ké found at 760°K 


kor some time we have been aware that for a indicated by this curve, 


compared to the 85 ko-<¢ \ |. which he me 


given frequency the position of a relaxation peak in 
temperature is higher the higher the heat of activa It is not impossible discrepanc) 
tion of the relaxation. This seemed to hold true for represent an error in isurement, and we 
to recheck this pomt as soon as possible 

1 


all types of relaxations which depend on temperature 
If the empirical relationship indicated 


exponentially in 1/7. Indeed, if a plot be made of 


all the data now available, the relationship between _ is substantiated, even fot 


activation energy and 7’is seen tobe much more than process, it should prove 


a trend. In Figure 1, data are shown at | c.p.s. and 
estimate the heat of activation 


for all relaxation peaks in the literature o1 
observing a single relaxation pe ik some ¢ ommonl 
probably with an accut 


measurements. 


37 ke. 


otherwise known to the authors. The points for 


up to this time much more used measuring frequency 


| c.p.s. (which are 
better. This procedure may 


acy olf 5 per cent or 
prove to be as accurate as the commonly employed 
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The should be 
of course, since the particular relaxation 
this 
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nvestigated mav show a real deviation from 


relationship. 
a remark- 


This 


These data, shown in Figure 1, indicate 


similarity in the relaxation processes. 
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rature atl which the peak relaxation 
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trom the literature or trom our 


might be expected for a particular type of relaxation, 


such as interstitial migration in b.c.c. lattices, but it 
is surprising to find it existing between the various 
relaxations, some of which involve substitutional 
diffusion in close pa ked lattices. 

\ theoretical basis for the relationship is readily 
obtained for a given model. Using the migration of 


interstitials in b.c.c. lattices as an example, we can 


sav that the mean time-of-stay (7) of an interstitial 
the 


itom in a given position is determined by 


condition 
AS/R — AHT/Rt 


exp 


elementary diffusion paths 
interstitial atomic Irequency, 
ictivation, and AH the heat of 
expected to vary somewhat 
‘ms, but not by more than a 
factor O|l two. | his variation, tor the present calcula- 
tion, is overwhelmed by the exponential terms, and 


taking the best 


-p.S. 
the expression 


lost by 


signifi ance is 


2x 10 ( 


nothing ol 
iverage value of v as | r is related 


Tr by 


to the relaxation time 


where 
the measuring frequency, employed at the tempera- 


RGICA, 


is the frequency of tke applied stress, or 


1953 


ture at which the internal friction maxima is 


observed. From this analysis it follows that 
In +7AS. 


(3) AH = RT 
The linear relationship shown by the data in Figure 
| then appears to indicate that the entropy changes 
are approximately the same for all the processes 


which fit the curve. In Figure 2 this equation is 
plotted AS, 


with the experimental curve (solid line) included for 


(dashed lines) for several values of 


reference. In view of the arbitrary choice of atomic 
frequency v, the entropy changes cannot be regarded 
as of great significance except on an order of magni- 


tude basis. Experiment and theory in this case 
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FiGuRE 2. AH asa function of is values of AS. 
indicate an entropy increase of more than one and 
less than five cal/mol-degree. 

The theory of absolute reaction rates, as developed 
by Eyring and others, may also be applied to the 
processes described here. The resulting expression 
for AH is obtained by merely substituting k7'/h for 
the atomic frequency constant y in equation (3 
This vields 
(4 AH = RT In 


RT /hfm) + TAS . 


Over the temperature range 100°K to 1000°K the 
curvature of this quantity is so slight that it can be 
made to fit the data of Figure 1 about as well as the 
straight line. Above 1200°K, however, equation (4 
departs noticeably trom linearity. It is suggested 
that measurement of some of the larger activation 
energy phenomena at increased frequencies will 
vield relaxation peaks above 1200°K and thus serve 
to distinguish between equations (3) and (4 
Relaxation phenomena below 100°K might similarly 
serve to discriminate. 

The AS values agree in magnitude with those 


obtained by other measurements for the migration 
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of interstitial impurities in b.c.c. lattices. The Note Added in Proof 
interpretation of grain boundary and substitutional Dr. L. Jattee has pointed out that the activation 
pair relaxations is more difficult because the mech- energy for the grain boundary relaxation in a-iron has 


anism is not as well defined. However, both equations been measured by Mr. W. West to be 51 Kceal/mol 


(3) and (4), together with the empirical curve ol Trans. A.I.M.E., 167 (1946) 192]. This value fits 


it 


Figure 1, seem to accommodate these relaxations well the curve in Figure 1, if we presume Ké’ ilu 


despite the differing mechanisms. of peak position to be corr 
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OF A GOLD-SILVER ALLOY* 


M. B. 


and 25 wt 


total 


L’ENERGIE ACCUMULEE PENDANT L’ECROUISSAGE D’UN Al 


L)’étroites m | liage de «9 pour ce 


DIE WAHREND KALTBEARBEITI 


BEVER? and L. B. 


of the samples 1 


NG 


TICKNOR? 


worked bi roll ng. 


Id 
1] 


and found calorimetricall 
was determined 


silver were c 
liquid tir 


nded in rolli 


per Ce 
trom 


dency toward 


ded decrease at | 


LIAGE OR-ARGEN| 


poids d’or et 25 


2) po 


accumulé i ete libérés pat 
lamin a été déterminé 


EINER GOLD-SILBER-LEGIERUNG 


GESPEICHERTE ENERGII 


gy expended 
deformation is 


rried out in the temperature range of cold working. 


his stored energy, sometimes referred to as the 


by 


ot cold worked metal and 


ter rev of cold work, manitests itselt the 


ncre ised sol ition potenti il 


ward recovery and recrvystalliza- 


‘ts tendencv tor 
\Measurement 


WOTK 


tion. the energy stored by metals 
ng under various conditions have 


but 


still 


extensive ind svstemati 


published, 
under- 
This 
contri- 
ol 


ions are needed for a better 


cold 


iuse it 


energetics ol 
be 


to the interpretation of 


standing of the 


working. 


subject is of special interest may 


bute the mechanism 
ind of strain hardening in terms of the 
X-ra\ 


measurements on cold worked metals with detailed 


the 


detormation 


dislocation theory. Correlation of diffraction 


data on enere. stored by them is also 


very 
desirable. 
Review of Previous Work 


The methods by which the energy stored during 
cold fall 


categories: and 


working has been measured into two 


simultaneous methods two-step 


methods. In the simultaneous methods, the energy 


expended in the deformation process and_ the 
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Das 
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energy dissipated as heat are measured directly and 
the retained 
In the two-step methods, the metal is first deformed, 


the 


the difference is regarded as 


energy. 


with or without measurement ol 


the 


total enere\ 


expended, and stored enere\ is then evolved 


ind measured; this evolution of the stored energy 
be 


to a process such as dissolution. 


may induced by annealing or may be incidental 


In the earliest experiments by a simultaneous 
Hort [1] 


calorimeter; he determined the total work expended 


method, carried out tensile tests in a 


from the stress-strain curve and the heat dissipated 


from calorimetric measurements. Farren and Tavlor 


2] made tensile tests and measured the temperature 
rise of the specimens under nearly adiabatic con- 
ditions without the use of a calorimeter vessel. The 
same principle was employed by Masima and Sachs 
3] in a few exploratory experiments. Rosenhain and 
Stott [4] placed a wire drawing die ina calorimeter: 
they encountered difficulties in their mechanical and 
calorimetric measurements. Maier and Anderson [5] 
also made energy measurements on the wire drawing 
process in a calorimeter. In order to produce large 
amounts of total work, Taylor and Quinney [6] used 


*Received September 26, 1952 

+Department of Metallurgy, 
Pec hnology. 

tDivision of Industrial Cooperation, Massachusetts Insti 
tute of Technology 


Massachusetts Institute of 


Strips « illoy of 75 wt. per cent gold i777! 
my ris Viti 1 ealed samples The erg \ 
tress-strain diagram applicable to the rolling process 
[he stored energy increases with the strain, but shows a ten turation at high 
sti s. Th tio of the stored energy to the total energy expen igh strains 
eci till s re ts | energi totale dépensée lors d diagramme \ 
tension-déformati ipplicable au laminagte 
L’éne g1e act 1ulée a te la déformatio , Malis montre ine tendance ila Ssaturatio 
orandes Le rappe t de iccum lé« i totale dimi eq d 
es ce I 1 Ss ce r ent port tes 
B er einer Legierung 75 Gew. prozent 7777777 7ent Silber wurden durcl 
Zi Ire ot icht a ilorimetrisch durch Vergleich mit gegliiht P| 
Verzert gs-Spa os-Kurve bestimmt 
Lie cherte ere chst mit vachsender Verzerru re zeigt edoch ¢ e de tliche 
lends I \bs ttig g De gTOsst Verzert || ler aulgespe icherte 
ges ( iulgewandt mt be grossere 1 Verzerru il 
Introduction 
\ metal retains part of the ii 
during plastic deformation, if the Me Te 
= 


BEVER ano TICKNOR: ENERGY STORI DURING COLD WORKING 


torsion and compression; initially they determined in the combustion of cold worked 
the heat dissipated by measuring the adiabati innealed tungsten 


temperature rise of the specimen, but later they used Differences in electrochemical potenti { cold 


a calorimeter into which the specimen was dropped worked and annealed metals measured Spring 
immediately after working. Simultaneous measure- IS] were evaluated by Desch , who questioned 
ments are also involved in the work of Epifanov and the accuracy of the resulting energy values. The 
Rebinder [7], who determined an energy balance for literature also contains several reports of attempts 
a metal cutting process and arrived at a value for the to find a difference in the heat « ipacities of cold 
energy retained by the chips. Mention should be worked and annealed metal samples; these att 
made of calorimetric measurements during mechani- produced negative or inconclusive results [20 


cal tests carried out by Giraud [8], which led to 22 


excessively high results, presumably because of a Some conclusions ca lrawn concerning 


faulty calorimetric technique. merits of the methods whi ive been used 


A distinct group among the applications of the determining the energy stored during cold wor 


two-step method consists of experiments in which the Since the stored energy is usually less than 

retained energy of cold work is evolved by annealing cent of the total energy expended in the deform 
] 
| 


Sato |9] cold worked specimens by torsion and 


simultaneous methods attempt measure 
obtained differential heating curves for cold worked quantity which is the difference between two 
and annealed samples; his method is accurate if the relatively much larger quantities. This inherent 


rate of heat transfer from specimens of the same _ limitation casts considerable doubt on the ady 


shape is independent of the nature of the material — ity of further work by simultaneous methods. Among 


lution Ol 


and of accidental differences in manipulation he two-step methods, 
Quinney and Taylor {10] questioned this assumption 

and developed a method of thermal analysis involv- results to date 

ing only the assumption that the heat transfer ence between 

remains unchanged in two successive heatings of a ind an ann 

single specimen. They made two runs for each cold ‘xtraneous et 

worked sample; in the first the stored energy was liffieult with sm 
released and the second run served as a standard 

he specimens, which had been worked in torsion, 

were heated internally. Suzuki [11] determined 

stored energies of cold work trom heat « ipacit' on the differer 
measurements on specimens strained in compression — thermochemi 

ind on an annealed specimen. Bockstiegel and — used with hi 
Lin ke 1? | used three ditferent experiment il arrange 

ments to obtain heating curves for ry highh 

deformed thin copper wires. Welber {13] reported 

the use of a refined application of the method « 

Quinney and Taylor. 

\lethods other than innealing have been used for 
evolving the stored energy. Smith |14] measured the {f cold work 
heat ol solution ol annealed ind ( old worked Ss unples 
in an aqueous solvent. In this method which was also 
used by France [15] the retained energy is supe 
imposed on the ordinary heat of solution and 


tt 


found as the difference between the heat effects ol 


LLC 


dissolving cold worked and annealed samples 
In Smith’s work this difference was only about one published resul 
per cent of the heat effects measured. Koref and 

Wolff [16] concluded that the stored energy in cold 

worked tungsten could not be measured by a he: 

solution method and van Liempt came stored enereg 


same conclusion for a method based on the differences work in copper tends to 


S rol a) oiven the Dest 
thod depends on the d 
I I ntrodau 
1) ( cis ( 
ree 
ethods. | 
T 
( ( Sam pies eel 
rit ( Vit ( 
| | mounts ( 
| lo nd © ( oun 
tS | | | ( | 
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Che results of Suzuki [11], which cover true 
up toa value of 0.9, do not show such a trend. 


review of the measurements of the stored 


f cold work has been published by Burgers 
rABLE ] 
ENERGY STORED BY 
OLD WORKING 


COPPER 


ilso contains speculative ac- 


25:26]. The stored energ’ 


terms ol the dislocation 


evidence 28; 29; 30]. 


Experimental Procedure 


used to obtain the results reported 


he method 


essentiall the iS that previously 


his method involves 
elfect 


nounced bv the authors [31 


calorimetric determination of the heat 


LSSOt iated with the dissolution ot anne iled and cold 


liquid metallic solvent. The 
the 


worked spec imens in 1 


metal as so nt eliminates several of 


1] > 
List a 


solvents, such 


but 


difficulties encountered with aqueous 
volatilization, 
the 


he method does 


is some side reactions and 


major advantage results from small heat of 


systems. 


solution in most metallic 
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not necessitate the evaluation of the heats of solu- 
tion, but is based only on the difference in the total 
heat effects associated with bringing cold worked and 
annealed solute samples from a reference tempera- 
ture to the dissolved state. This heat effect is the 


sum of the heat of solution and the difference in 
heat contents of the solute at the reference tempera- 
ture and at the temperature of the solution, and in 
following it be the “heat 


In tavorable cases, this heat effect is very 


the will referred to as 
effect.”’ 
small and the contribution due to the stored energ, 
of cold work is a large part of the measured quantity. 

Since calorimetry becomes more difficult and less 
accurate with increasing temperature, it is desirable 
to use low-melting metals as solvents. The solubility 
ol the solute, however, must be great enough so that 
an adequate amount of sample can be added. In the 
experiments reported here liquid tin was chosen as 
the solvent. Heat of had 
shown that the dissolution of gold in tin is exothermi 
An alloy of 75 wt. 


solution measurements 


and that of silver endothermic. 
per cent gold and 25 wt. per cent silver was found to 


have a heat of solution in tin at 240°C which is 


approximately equal to the heat necessary to bring 


the allov from 0°C to 240°C; the over-all heat effect 


of an addition of the allov to tin, therefore, was very 
small. 

The equipment previously used for the measure- 
ment of heats of solution of group 1B metals in tin 
32] was used with minor modifications and only a 
brief description will be given here. The isothermal 
calorimeter consisted ota long-ne¢ ked glass Dewar 
flask immersed in a constant-temperature salt bath. 
The neck admitted thermo ouple leads and a stirrer 
and also allowed the introduction of solute samples 


When necessary, 


argon was employed. 


under vacuum i confining atmos- 


phere ot he solute samples 


were held at 0°C before injection into the liquid tin. 
The 

0.02° 
conditions varied less than 0.01°C. During a run the 


temperature of the salt was regulated to 


the temperature of the tin under steady 


temperature ol the metal bath Was read to about 
0.005°¢ 

The gold-silver alloy was obtained in the form ol 
strip, 0.6 inch wide and 0.030 inch thick, and was 
rolled with a large number of passes through rolls 
of 2} inch diameter with palm oil as a lubricant. The 
width-to-thickness ratio of the original strip was 


chosen as twenty-to-one as to reduce lateral 
spread during rolling. The maximum spread obser- 
ved was about 0.05 inch or less than 10 per cent. 
converted 


the 


Thus the decrease in thickness was 


mostly into an increase in length. After rolling, 


118 \CTA 
\let f Work done Stored Per cent 
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metal was cleaned and cut into pieces of convenient 
size. A portion of the sample was then annealed. 
500 


annealed and cold worked samples were added in 


In each run grams ot tin were used and 


succession; an addition of tungsten was made fot 


calibration. In each of Runs 25-29, three 4-gram 


additions of annealed metal and three 4-gram 


additions of cold worked metal were made alter- 


nately. In each of Runs 30, 31 and 33 a single 12- 
gram addition of annealed metal and a single 12- 


gram addition of cold worked metal were made. 
The temperature of the tin was close to 240°C and 
all results were corrected to that temperature. 
Following the injection of a sample, the thermo- 
couple e.m.f. was read as a function of time. When 
the alloy entered the metal bath, the temperature 
dropped because of the heat required for raising the 
alloy from 0°C to 240°C. Then the temperature rose 
again owing to the exothermic dissolution of the 
alloy. The maximum temperature change occurred 
about 15 seconds after insertion of the sample and 
was from 4 to 13°C depending on the size of the 
sample. The time required lor complete dissolution 
was about one minute. After dissolution of the alloy 
the temperature change was usually less than 0.1° 
The 


return to the original temperature. 


calorimeter then began its slow exponential 


The heat effect of each addition was calculated in 
the manner previously described [32], but it was not 


| he 


stored energy of cold work was obtained directl) 


necessary to calculate the heat of solution. 


the heat effects resulting from additions of 


annealed and cold worked samples. Each value ot 


from 


the retained reported here was based on 


measurements made in a single run instead of in two 


energy 


runs as in the preliminary work [31]. 
The heat effect for adding samples in the same 
physical condition in the dilute range covered was 
found to be a linear function of the composition of 
the resulting solution, provided all samples were ot 


25-29, two 


equal size. For each of the five Runs 25 


drawn through the three 


cold 


these 


straight lines could be 


annealed and the three worked additions, 


respectively. The slopes ol ten lines were 
obtained by the method of least squares; the values 
averaged — 36 with 


Since these slopes should have the same value, the 


an average deviation of 3.5. 


average value of — 36 cal /g-atom per at. per cent ol 
solute was used with the three points belonging to 
each line. The retained energy of cold working for a 
run was obtained from the vertical distance between 
the line for the annealed and the line for the cold 
and 33 each of 


worked additions. In Runs 30, 31 
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| 


the two lines was obtained from the value of a single 


addition of 12 grams and the average slope of 


36 cal g-atom per at. per cent of solute. 
The Evaluation of the Total Energy Expended 
The total energy expended in deforming ad speci 
under a 


that a 


men can be determined from the area 


stress-strain curve. Ford [33] has shown 


stress-strain diagram applicable to the _ rolling 


process Can be constructed irom tensile tests on 


have previously been 


Che vield 


lateral spread has been 


specimens ol strip which 


rolled to varving degrees stress tor the 


rolling of metal without 


estimated to be 15 per cent larger than that obtained 
in tensile tests [33 


Tensile tests were m ide on pieces ¢ i rect ingular 


cross section cut from the central third of rolled strip 


These test specimens were about 0.18 in. wide and 


their thickness varied trom 0.0024 in. to 0.0145 in.: 


marks was about 2 in 


the length between gauge 
A small hand-operated tensile machine and a strain 
ring fitted with strain gauges were used; the exten 


sions followed with a cathetometer. It was 


were 
observed that necking did not occur until just prior 


to tracture The true tensile stress was obtained 


upon the assumption that the total volume of the 


metal did not change during the test Che true 


tensile strain was calculated 


is the natural logarithm 


of the length divided by 
The 


rolled strip ire 


stress-strain curves 


shown 


953 
| 
FIGURE 1 Stre rain curve 
percentage reduct 0.2 pe 
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carried to fracture except [or the sper imen which had 
not been rolled. The stress for the 0.2 per cent offset 
inelastic elongation) was adopted as the vield stress. 

Ford the 


tensile 


that the rolling strain and 


additive. On this approximate 


assumes 
strain are 
basis, the total strain of a tensile specimen which has 
been reduced previously by rolling from thickness / 
to ¢ is expressed iS 


total strain In(to/t) + In 


- tensile stress is plotted against this total strain 


ind a curve drawn through the 


vield 


the resulting curve, 


stress, 


is the approximate yield stress in 


the 
he specimen which was not rolled. 


\BLE II 


2010 


1410 


} 


found for the 


this 


rolling strains specified in Table II and the resulting 


under were 


curve 


values were increased by 15 per cent as mentioned 


above; these data are civen in Table II as the total 


energy of rolling in calories per gram-atom. This 
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method of evaluating the energy expended gives 
values which can be expected to be accurate within 


10 per cent. 
Discussion of Results 


lhe values of the stored energy of cold work and 


other pertinent data are given in Table II. In | igure 


) 


3 the stored energy is plotted as a function of the 


extent of deformation. 


[he points for individual additions in Runs 25-29 


deviated by 7 cal/g-atom on the average trom the 


average lines used tor finding the stored energy. 


The potentiometer was read 


microvolt, equivalent to an uncertainty in the energy 


value ot 8 cal/g-atom. A total uncertainty of 


10 cal g-atom may be assigned to the se values 


Runs 30, 31 and 33 each addition was three 


times as large as in the previous five runs and the 


uncertainty due to the potentiometer reading was 

reduc ed to one-third: this reduc tion in the un ertain- 

the reduction in the 
10 cal 


ne sources 


tv, however, was oftset by 


number of readings and an uncertainty of 


o-atom is again assigned. In considering t 
of error, it is important to recognize that by adding 
cold worked and annealed samples in a single run 


rather than in two separate runs, the effects of 
iccidental variations between runs were eliminated 

The surface of the rolls had been damaged prior 
to Run 30. This caused a greater localized strain than 
measured by reduction in thickness. The rolls were 
replaced before Run 31. 

Run 24, which is not included in Table II, ditfered 
from the other runs principally in the manner of 
rolling. Alloy wire of 0.032 in. diameter was cooled in 
liquid nitrogen between passes through the rolls. 
The ener? \ ol cold working retained by this sample 


was measured as 65 cal/g-atom. This increase in the 


values of they 
shown in Figure ?, 
4 
a 
: - 
an 
—— 
a“ 
x 
/ 
/ 
j 4 
/ / 
/ + 
/ 
/ 
/ 
/ 
} UR 3 Enere stored during id str 
tension tor the met is a function of its total 
deformation hv rollit ind extensio1 The itial part 
tensile stress for t 
FS ») ENE! F ( D WORKIN 
Perce Rolling Store Per cent 
\ tr ( =tore 
99 6 0.171 7A 3 t+ 
ed 27 0.313 175 9 5.1 
Zé 5 (0). 474 300 ld 5.0 
258 56.6 834 ARS Ig 5,0 
31 65.6 065 770 20 9 6 
25 40 386 1040 2] 2 0 
26 92 2.526 7 27 1.3 
*30 83 1.790 7 13 3.0 
*Defective roll 
Che 
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cold 


temperature may be expected. 


energy stored during work with decreasing 

The values reported here may also be compared 
with the preliminary measurements reported pre- 
viously [31], which had been made on the same alloy 
without determining the extent of deformation. The 
average ol these previous measurements was 46 
cal /g-atom; this high value may be attributed to the 
severe deformation involved in rolling a wire into 
flat strip. 

The variation of the stored energy with the extent 
of deformation is of special interest. In Figure 3, in 
which the retained energy is plotted as a function of 
true strain, a tendency to level off is evident. 
Correspondingly, in Table II the value of the energy 
stored as a percentage of the work done, although at 
almost constant at 4-5 cent, decreases 


first per 


markedly at large strains. These results indicate 


that the stored energy is approaching a maximum 
or saturation value. 

In addition to the values ol stored energy, the 
experiments also yielded values of the heat of solution 
alloy in tin at infinite 


lable II] 


atom 


of the annealed gold-silver 
and 240°C, 


These values give an average of 


dilution which are listed in 


a standard deviation o g-atom, 


1320 cal 


added, and 


compared to a value ol g-atom pre 


viously reported on the basis ot different measure 


32). It should be noted that the variation in 


ments 


the values ol the heat ol solution, whi h ire b ised on 


different runs, are not a measure of the uncertaint 


of the stored energy determinations. The new 


and the average slope 


the 


heat of solution 
equation 


it 


discussed vield following 


integral heat of solution of the alloy 


All 


1326 18. 


ind > 


where A// is in cal’ g-atom of alloy added 


the composition ol the resulting solution expressed 


in at. per cent ol alloy. 
In an evaluation of the method of determining the 
dissolution in 


stored enerey ol cold working by 


metallic solvent, important limitations are evident 
For some metals no suitable solvents are available; in 
other solute-solvent combinations the heat effect may 


\lso_ the 


method requires thin specimens for a sufficiently fast 


be too large for satisfactory accuracy. 


rate of dissolution. Among the advantages is the 


possibility of attaining considerable accurac\ under 
favorable conditions. In some applications it may b« 
desirable to use small quantities of samples as 
permitted by this method; the suitability of fine 
samples can also be an advantage as, for example, 


when working with metal chips. The method also 
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lends itself to energy measurements 


probably 
starting at sub- itmospheri temperatures on samples 
cold temperatures. Finally, the 


worked at such 


rABLE III 


method can 


measurements 


\n alloy 


pel cent silver 


pies ol tri 


was determined ¢ 


expended TOU 


re 


] 


diagram. The measured \ 


were exXpre ssed 


1 
| nese tractions 


he experiments 


Oot solution ol 
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MMe be adapted to other latent ener; 
ceneral pplicabilit 
1326 cal 
Summary 
17 
vera 
: vorked and annealed samples ot the ( trom 0*( 
read 
‘ nto solutior quid tin at 240° The vy es ot the 
ranged from 3 o-atol 0.02 
LO! Sti ( 0.17 to 27 Ol 
for st n ot 2.53. One measurem 
) \ stress-st1 ( ral or rol s derive 
from tensile tests on strips that had previously bee 
rotted to various nn ts Che tot st =f 
strains to 2 per cent or less for large strains. The 
res TS ia ppro nere Sing —TT 
TO maximun 1 Tid) if The 
ener?’ 
nn iM the alloy containing 75 wt. per c 
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240°C. 
1326 


deviation of 


gold and 25 per cent silver in tin at 


Eight 


cal/g-atom of 


determinations gave an average ol 


alloy with a standard 


11 cal/g-atom as the heat of solution of the alloy at 


] 


ilution in liquid tin at 240°C; the integral 
solution as a function of the composition x 
of the alloy in the resulting solution 

1326 
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ACTIVATION ENERGIES AND DIFFUSION COEFFICIENTS OF 
OXYGEN AND NITROGEN IN NIOBIUM AND TANTALUM* 


ANG} 


With the use of the torsional pendulum method 
activation for diffusion of Oo and No in Nb were found t 
For O2 and Nez in Ta the corresponding values of 27.3 and 39.8 Kcal 
low frequency method coupled with a new high frequen | 
Che theoretical diffusion coefficient for thes 
between heats of activation and the calcul ited diff 
thar before betwee n the experime ntal ai d theoretical \ 
from an analysis of this thermodynamic property import 


LES ENERGII S D’'ACTIVATION ET LES COEFFICIENTS DE DIFFUSION 
L’'OXYGENE ET DE’ L’AZOTE DANS LE NIOBIUM ET LE TANTAI 


En employant la méthode du pendule de torsion, la méme que celle u 
frottement interne, il a été trouve, que les chaleurs d’activa m pour la diffus 
le Nb étaient respectivement de 27,6 et 38,6 Kcal/mol uur I’ O» et | 
correspol dantes de 27,3 et 39.8 Kcal/mol ont été déter1 
jointe a une nouvelle technique de haute fréquence 

Les courbes théoriques des coefficients de diffusion po 
entre les chaleurs d’activation et les constantes de coeffici 
accord qu’avant, entre les valeurs expérimentale et théorigq 
de l’analyse de cette propriété thermodynamique import 


AR TIVIERUNGSENERGIEN UND DIFFUSIONSKOEFFIZIENTEN VON SAURSTOFI 
UND STICKSTOFF IN NIOB UND TANTAI 


Die Aktivierungswiarme von Diffusio 
Keal/mol. aus Messungen der inneren 
entsprechenden Werte fiir O2 und He in 
entwickelten Hochfrequenzmethode zu 27,3 u 

Die theoretische Kurve der Diffusionskoeffizient 
zwischen den Aktivierungswiarmen und de 
gewonnen 

Eine Analyse der Aktivierungsentropie fiihrte zu 
llen Wert 


mung der theoretischen und experiment 


] 


dynamischen Eigenschaft 


values of AH and Dp, togethnel! with a briet 


Introduction 
ol the entropies ot activation [or these systems 


Che anelasticity of interstitial atoms b.c.« 4 > 
, Experimental Procedure and Data 
lattices offers a convenient way of measuring 
ditfusion coefficients ol these atoms. [hese coeffi- | he measurements Ol the diffusion coefficients of 


wmnal 
ona 


cients are usually expressed in terms of a constant, O2 and N»2 in Nb were made using a convent 


Dy, and a heat of activation A//, by the relationship torsional pendulum with the specimen 


(1) D Dp e~A#/R1 of a wire. This specimen had been heated tor 10 


minutes at 1500°C in an atmosphere of NH 
It is possible to get values of A// accurate to 9. pel sl He, and then 2 minutes at 2000°C 


cent by using the earlier technique described in vacuum of approximatel: mm. of He 


numerous articles [1; 2]. But such accuracy is not quenching in vacuo. The positions in temper 


sufficient when one wishes to test Zener’s theory for the peaks for these two impurities were detern 
D, |3| because the calculated values of this constant 


t 


it two frequencies These dat 
would have a spread of about a factor of 5. With — pyoure 1. Usin the expression 


ereat care, however, and with the use of a wide ; 
range in the frequency of measurement, the inaccur AH x in 
acy in AH may be cut to about one per cent with 
resulting inaccuracy in D» by a factor of less than 2 the heats of 
This paper presents new experimental data on ind 38,600 ca 
diffusion of Oo and Noin Nb and Ta, and calculated hese values 
cent. 
*Received October 27, 1992. In the case of Oo and N 
TDepartment Mining and Metallurgical Engineer 


University of Illi Urbana, Illinois of their diffusion coefficiet 


1O1s, 
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re 
d 38.6 Kea espectivel 
m ere deter! ed | the “ 
Dp ac it ta ‘ 
) 
ee ada Tile re cle 
on de ©. et le No da 
| le ia ile 
pte de ila relati 
| 
cal fe 
e de D 
d Hei Nb wurde ru 27.6 Keal ‘ d 28.6 
mit Hilfe eines Torsionspendels bestimmt. Die 
t der Niederfrequenziaiethods 
Kceal/mol. bestimmt 
vurde fiir diese Systeme Beziehung 
Ar einer besser als bisher gef len L bere t 
Hetore 
iture ot 
nec 
| 
culate be 27.000 
) na \ res ectivel 
I | ne measureni ts 
ts ert made 1) COT 
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bination of the above method and a new high quency at which the internal {friction is a maximum. 
frequency technique. The low trequency measure- Equating equations (1) and (3) one arrives at an 
ment was made at 1.433 c.p.s. with the peaks expression for Dy as follows: 

occurring a 55°C and 360°C for Oy and No, { D 0.1745 a*fer"/*? 


respectively. The high frequency measurement 
where 7, is the temperature at which the internal 


friction peak occurs when the trequency of oscillation 


The values of Dy for Oo and No in Nb and Ta, 


computed trom our values of A//, are given in 


Table I, and they are considered to be accurate to 


DIFFUSION DATA FOR INTERSTITIAL ATOMS IN BCC Lat 


described in the following paragraph) was carried 
out at a frequency of 37,000 c.p.s., and in this case 
the Os peak occurred at 355°C, whereas the N» peal 
was observed to be at 
Phe technique of this high frequency method will 
be described in detail in a paper now ing written 
consists within a factor of 2. The diffusion coefficient curves 
‘tour sets of data, drawn according to equation 
presented in | igure hj 
1e solid metal 1 
foil rolled 


le 
propel i¢ 


one per 


Irequenc' 


Caticulation of Diffusion Coefficients 


Geometrically, interstitial diffusion in cubic | 


is simple and has been discussed in det iil 


he diffusion coefficient for the interstitial 


D.C. lattice m i\ be expressed is 


1000/ T 


< Temperature 
4 
202 
fr 
in Nb rABLE | 
er 
on™ | 
) 020 030 O12 O12 O19 O15 O15 
x 1) 48) 5 4 5 > 
= \H ) 20 27.00 39.80 7.30 7.00 38.60 27.60 
4 € 8 2.2 24 23 3 3 3.4 
I RE | Int fricti O 

3 
ompact pen e rod ol Was used \ nTe, D= 

= T ys 22 398CO/RT 
s specimen. The advantage of using this type « 
specimen Ovel the solid r re lies the oreater ~ 
Ol he ate tment tor the loadu gS Ol () ind \ 
lhe Ta foil used here had been annealed for + hours 
t vacuum of mm. of Hg 
The values of A// computed I this cas ire 0 
27,300 and 39,800 cal mol. for Os and No, respec 
tively. Here, an accuracy of about ggg cent is 6" | 
realized because of the wide range in 
+ 4 B — 
me surements O + < 
Ces 10 
earlier (3) 
itoms in a 
B 2.2 26 30 
3 D raf/18 , 

2 ficient curves O 

where a is the lattice parameter and is the tre- NI 1] 


DIFFUSION OF O 
rather striking is that all values of D 
Table I are 


except the values for N 


presented in 
the same to within a factor of 2, 


and No in Nb. 


about 


in a-Fe 
Analysis of the Entropy of Activation 


from these experimental values of Dy, one may 


calculate the entropy ol a tivation AS, for atomi 


ditftusion in_ b.c.c. lattices, by applving Zener’s 


condition 


» Dy, = 1/6) (a 


where v is the frequency of oscillation of the solute 


atom in the interstitial site. This atomic frequen: 


7 


x 
~ 
c 
a 
Ww 


2 3 4 
Theoretical aS/R or 4(aH/RTm) 


Theoretical AS/R perini 


varies only slightly, never more than a factor of 2, 


for ditferent alloy systems. Since it is obvious from 
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equation (5) that the main uncertainty in the value 


Ol D 


tance ol 


lies in the exponential quantity, the impor 


this entrop\ I ivation 


necle ted 


If one assumes that all the 


energy ol 
POeS into straining the lattice, then the entrop 


ilso be | 


ictivation ma\ obtained from the theoretical 


approximation 


AS ) AH] 


where 7.,, is the melting temper 


quantity which 


1S 
different materials. 


Wert 


SOT 


nted bh 


nd takin 


Following the argument pres« 


article on atomic diffusion, 
data 2:4 
theoretical 
\ll the 
of this paper and 
lated in Table I. It is 
Dy have’ produced 


experiment il ind 


a revised plot of experimental 
AS R Ss 


essential data reley 


values ol shown 
to the 


to this plot nN parti 


ipparel 
| 


iwreement betwee! 


theoretic AS/R tha 
earlier present 
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YIELD POINTS IN ALUMINIUM ALLOY SINGLE CRYSTALS* 


R. E. 


to compare the 


were observed 
vstals showed no ¢ 
of the dislocation theory 


LES LIMITES D’'ECOULEMEN1 
D’ALI 


t ete faits 
‘aluminium contenant du cui 


1um tres p 


hydrogen, 
all the alloys whe 
ipacity for producing a yield point 
of the yield point. 


SMALLMAN,} G. K. WILLIAMSON,?; and G. ARDLEY? 


sile behaviour of some aluminium alloy single 
with that of superpure aluminium crystals. 
tested at liquid air temperature, but the 
These results are discussed from 


DANS DES MONOCRISTAUX D’ALLIAGES 
MINIUM 
ie de comparer le comportement lors de la traction, de monocristaux 


»et du zinc ou de l'hydrogéne, 
Des limites d’écoulement bien prononcées furent observées dans tous les alliages essayés 


avec des cristaux d’alumin- 


la température de l’air liquide, alors que les cristaux d’aluminium trés pur n’ont montré aucune 


ndance a la formation d’une 


ase la théori des disloc ations de 
ELASTIZITATSGRENZE IN 
Experimente wurden unternommen 


el die Kupfer, Zink oder Wasse« 


\lle Legieru en zeigten bei der 


waihrend das Reinstaluminium keine Fahigkeit zur 
i werden 


nze zeigte 


| die 


ze diskutiert. 


Ergebnisse 


Introduction 


lhe presence of a vield point in body centred 
metals containing small quantities of inter- 


the best 


cubi 


stitial solute elements is well known, 


examples being polycrystalline iron containing 


carbon and nitrogen |1] and iron single crystals 


). 2. 


2; 3; 4]. Polycrystalline molybdenum containing 


nitrogen also shows a vield point 
These phenomena have been explained by the 


dislocation theory |7; 8; 9; 10] in which it is assumed 


that solute atoms having appreciable misfit in the 


la - condense into dislocations because ot an 


elastic interaction with them. The stress required to 


11 


pull the dislocations away from these ‘‘atmospheres’’ 
iter than that required for subsequent move- 


the dislocations, SO that a fall in applied 


stress occurs at the start of plastic flow. 


In close-packed hexagonal metals an interstitial 


itom produces a non-spherically symmetrical 


solute 
distortion which is capable of interacting with both 


edge and screw dislocations, and yield points have 
been observed in cadmium [11] and in zinc {12| 


crystals which contained nitrogen. The absence of 
well-established 


has 


vield points in face centred cub 


metals been attributed to the approximately 


symmetrical distortion produced by both substitut- 
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limite d’écoulement. 
la limite d’écoulement 


EINKRISTALLEN VON ALUMINII 


um das Verhalten unter Zug von Einkristallen von 
enthalten, mit 
Temperatur der fliissigen Luft 


rstofi 


Ces résultats sont discutés en prenant comme 


MLEGIERUNGEN 


\luminium- 
Reinstaluminiumeinkristallen zu 
scharfe Elastizi- 
Herausbildung einer deutliche 


vom Standpunkt der Versetzungstheorie der 


ional and interstitial solute atoms; as a result pure 
screw dislocations may not be anchored by solute 
atoms in this lattice. Cottrell [13], however, has 
pointed out that the dissociation of a pure screw 
dislocation into partials [14] must always produce a 
substantial edge component in at least one member 
of the pair created by the dissociation. The locking 
of this component by the solute atmosphere neces- 
sarily locks the other member of the pair because of 
the elastic coupling between them. Thus vield points 
may be possible in face centred cubic alloys, al- 
though they may not be very pronounced. Irregular- 
ities in stress-strain curves resembling such yield 
phenomena have in fact often been noticed [15; 16; 
17] and a clearly defined yield point (characterized 
by a fall in stress on first test, by the absence of any 
yield on an immediate retest, and by the return after 
appropriate strain ageing has been observed by 
\rdley and Cottrell 


The purpose of this paper is to present some new 


18] in single crystals of a-brass. 


evidence for yield points in single crystals of certain 


aluminium alloys. 
Experimental Procedure 


Specimens were prepared from superpure alu- 
minium both unalloyed and from alloys of it with 

2.49 wt &% 


hy dre gen, 


additions of either 0.21 wt % 
0.005 wt % 


and from a sample of commercially pure aluminium. 


copper, 


( 


zinc, or (0.135 atomic % 


The superpure aluminium ( > 99.99°%), the major 
impurities of which were silicon ( < 0.003%) and 


iron ( < 0.003%) and the pure zinc ( > 99.999%) 


rvstals whi 
1 14 
Sharp yield 
superpure CI 
the sta dpo 
Des essai 
dalliages d 
| 
D 
egierung 
verge iche 
tatsgrenze 
ment { 
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used in making the aluminium-zinc alloy were 


kindly donated by the British Aluminium Co. and 
the National Smelting Co. the 


while oxygen-free 


high-conductivity electrolytic copper (99.99%) used 
in making the aluminium-copper alloy was kindly 


1.C.l. Metals Ltd. The 


addition was made by bubbling steam for 30 minutes 


supplied by hydrogen 
through molten superpure aluminium held at 750° 
in a pure alumina crucible. The commercially pure 
aluminium (99.79%) donated by Richard Thomas 
and Baldwin Co., contained iron (0.14%) and silicon 
(0.11%) as major impurities together with traces 

< 0.005%) 


The ingots were rolled to 1 mm. thickness and 


of copper, manganese, and titanium 


annealed after every 50 per cent reduction in area. 
Specimens were milled from the strip with a 2 in 
16 in. 


gauge length, 0.3 in. wide increasing on 5 


radii to shoulders } in. long and 3 in. wide. Single 
crystals were produced by the strain anneal method 
[19], the entire gauge length and a large part of the 


The 


Laue 


shoulders being converted to a single crystal. 


orientations were determined by the X-ray 
method. 

Tensile loading experiments were made with a 
hard machine of the Polanyi [20] type in which 
10 


gTIps 


specimens were extended at a strain rate of 


by 


clamped on the shoulders of the specimen. Prior to 


sec means of hooks which engaged 


small initial 


In 


maintain this alignment strain ageing was carried 


testing, every specimen was given a 


strain to ensure perfect alignment. order to 


out in situ, i.e. while the specimen remained mounted 
the load 
200 gm. This precaution is in 


in machine under a nominal of about 


vital examining 
crystals in which the yield point is weakly developed 

The criteria adopted in these experiments as being 
indicative of the presence of a yield point were as 
follows: 


fall 


deformation, 


(a) a in load at the beginning of plasti 


b) the absence of this fall on immediate retesting, 
(c) the return of the fall in load after a suitable 
ageing treatment. 

Only 


requirements were recorded 


crystals which consistently satisfied these 


as having shown th 


vield phenomena. 
Yield Points in Aluminium Alloys 


Initially the tests were made at room temperature, 
but no yield points were observed in any crystals 
under these circumstances. Accordingly all of the 
subsequent tests were made at lower temperatures. 


Stress-strain curves typical of those obtained for 


POINTS 


stals tested 
Figure 1. A 


strain 


commercially pure aluminium cr 


liquid air temperature, are shown in 


definite drop in load was observed first afte 


ageing for 15 hours at 100°C (Curve C 


absent on immediate reloading, (curve d). Strain 


ageing resulted in another fall in load, again absent 


on retesting (curves e and , and h) thus satisfving 


Stress Kg 


~9 


» three criteria for a vield point Che large de 


age hardening O (curves, b-c, d-e 


of strain 


real effect since unloading in the absence of str un 


and this was 


iweing produces no additional hardening (curves 


a-0, C-a, g-i 


g Chere is a smooth transition from 


the yield elongation to the underlving work harden 
ing curve on which the yield point effects are super 
imposed. [ nloading during either the \ ield extension 
or during normal work hardenit 


curves (¢ -d, é-], 


produces no discontinuity on 


curves i | 


Che 


vield point ‘r strain “ing 


further testing. extended plastic flow suggestive 


ol l lor 


IS°C may not be n evidence of 


point since the first 


satisfied. 


the ts of various strain 


\ summary of 


treatments on commercially pure crystals is 


lable I and it will be seen that given sufficient time 


vield points are always produced at ageing tempera 


tures at or below 100°( 


A similar obtained with an 


Series Ol 
alloy 


Here again, when testing at liquid air temperatur 


Curves 


iluminium zin¢ crystal is shown in Figure 2. 


criteria tor a vield 


Che 


accompanying the yield point is 


the three necessary OInNtT are 


satished reproducibly strain age hardening 


howevet 


not S( 
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FiGURE 1. Typical stress-st curves for c I! 
16 h it LS~¢ mmed e rele il te! 
? hours at 100°C 1) immediate retest fter ( 

hours at 100°C mime ite retest ifter age os 2 
hours at 100°¢ I ediate retest | 

16 hours 
ine 


in the aluminium 


as in the commercially pure specimens. 


may be due to the smaller misfit 


lattice of the zinc atom compared with iron or 


silicon atoms. In substitutional solutions the misfit 
is defined by the parameter €, W here r(l+e 


being the radius of the solute atom and ¢ is that of 


rABLE I 
SUMMARY OF STRAIN AGEING TREATMENTS AND THEIR EFFEC 
N E YIELD POINT OF ALUMINIUM ALLOY SINGLE CRYSTALS 
\geing 
Specime | ‘ ‘ Yield 
Po 
lemp 
( 
( er | ‘ 18 1, 16 N 
17 
50 
4 es 
100 
\ IS 16, 24 
30. 40. 48 
72. 108 Ve 
0) 15 Ni 
75 10 
100 3 N 


LOO No 
Yes 
183 2 No 


Superpure 18 1, 16 Ni 
99.99 80 2 No 
n Liquid ait 1I8 |4, 13, 15, 24, 50} No 

50 13 No 

75 No 

100—50 10° per hour No 

100 2 No 
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the solvent atom [21]. Values of for copper and 
zinc in aluminium are 0.122 and 0.014 respectively 
22]. This latter misfit should also result in a small 
value of the critical temperature above which the 


| 

| 

| 

LOF 
| | | 
| | | 
fe) 0.5 Fe) is 2.0 25 


Strain 


al stress-strain curves for the aluminium- 
inc alloy crystals tested at liquid ait 
igeing 40 hours at I8°C, 
30 hours Is°C 

hours at 18°¢ 


temperature: 1) alter 


immediate retest ilter iwelneg 


mmediate retest, aiter ageing i2 


heat motion is strong enough to prevent substantial 
rhe 


tempera- 


condensation of solute atoms on dislocations. 


data of Table | indicates that this critical 


ture is between 18°C and 50°C since ageing at or 


above 50°C fails to produce manifestations of vield 


phenomena whereas these may be obtained by 


ageing at IS°C if this is done for a time long enough 


for the necessary diffusion to occur. 


\ typical set ol curves from an 


stress-strain 
aluminium copper alloy crystal is shown in Figure 3. 
Here 


definite vield point exists, 


the three criteria are satisfied and a 


again 


ithough again the strain 


% Strain —> 


aluminium- 
alter 


after 1!4 hours at 


FIGURE 3 [ypical stress strain curves for the 
copper alloy crystals tested at liquid air temperature: (a 
2 hours at 100°C immediate 

100°C, (d) immediate retest, (¢ 


11 hours at 100°C, 


retest, 
after 2 hours at 100°C, 


immediate retest 


alter 


age hardening is smaller than in commercially pure 
crystals. The strain ageing data of Table I indicate 

100° K, 


[7] in so far as 


t 


that the critical lies above 


which is in agreement with theory 


temperature 


the misfit of a copper atom in the aluminium lattice 
(e = 0.122) is that of 
(e = 0.014). 


much greater than zin 
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Definite yield points were also observed in the copper, 249 wt “% zinc, and 0.005 w 
aluminium-hydrogen alloy crystals as shown in atomic %) hydrogen, whereas sup rpure 
Figure 4, but these were weak and the strain age rystals give no yield phenomena 
hardening was small. This weakness is probably due \ new feature of the present results is 


to the low strains produced by the hydrogen atoms points are produced by the presence 


. atoms (copper and zinc) which 
lattice contraction in aluminium 
and nitrogen in iron, on the othe 
atoms cause lattice xpansion., 
consistent with the dislox ition theorn 


low king of dislocations by solu 


i 
10 contract or expand the | iT 
% Strain—> 
Much large juantities of subst 


FIGURE 4. Typical stress-strait curves for the alumi elements are necessarv to produce 
hvdroge alloy crystals tested at liquid air temper iture ; 
after ageing for 1 hour at 18°C, (+) immediate retest. in, say, body centred cubi 


ifter ageing 42 hours at 18°C, (d) immediate retest 0.003 per cent hon suffice hi 
ifter ageing hour it 18°C. f) after weins It Cardo sulhices Th S 
100°C, the alloving eleme! ts in the present 


smaller degree of misfit and partlh 


an interstitial hole 1.3 A diameter exists in the distortion they produce ilmost 


centre of the structure cell in aluminium) but it may  syvmmetri 

also be due to loss or segregation of hvdrogen during VW ith the hy dre Stati 

the preparation of the crystal. An attempt was made partial edge dislocation 

to introduce hydrogen into a superpure crystal by In order to display 

annealing in wet hydrogen for two days at 630°C, possible during these exper 

but this specimen gave no evidence of yield pheno- cautions were tal 

mena. 
Superpure crystals were tested extensively 

control experiments and the typical curves ¢ 

Figure 5, together with the data given in Table I, whole sequence of 

show clearly that the pure metal has no capacity precautions in earlier 

for a vield point. Some slight recovery ot the elastic the | lack oft 


| 


Os 
% Strain 

FIGURI 5 stress strai 
iluminium crvstals: (a) tested 
at 18°C, (b) tested at 18°C after 

tested at liquid air temperature 
100°C, (d) tested at liquid air temperature aiter ag 
114 hours at 50°C, (e) tested at liqiud air temperature after tow, 

g for 15 hours at 18°C, (f) tested at liquid air temperature 1944) 207 

after ageing at 100°C, cooling at 10 per hour, to 50° 
g tested at liquid ur temperature [ter ageing [for 50 ho 
at 


ITTRELI 
1949) 
KI i 
limit occurs (Fig. 5) even after these small strains : 
during heating above room temperature, though 


similar effects were absent in the allovs. 
Summary and Discussion 


Yield points have been observed in single crvstals 
of commercially pure aluminium and in_ binary 


( 


alloys of superpure aluminium containing 0.21 wt % Colts 


199 
that eld 
known to cause 
For 
carbo 
+} ind, the solute 
E he results r 
wl dmits 
which ad 
toms that either 
where less t} I 
ent 
ments, cert Dre 
th 
rie 
Acknowledgements 
> 
ick 
We WISI to Ul I Pri CS I I) Cie 
OF b 
Universitv of Birmingham for providing 
| support, and Professor A. H. 
erest, ( COUT Oem | rie 
References 
(GENSAM IM 156 
\. H ( M \ 
KRA \ | 138 26 
30 
London, Physical Society, 1948 


130 ACTA METALLURGICA, VOL. 1, 1953 


9, COTTRELL, A. H. and Bitsy, B. A. Proc. Phys. Soc., 5. Epwarps, C. A., PHi_tiips, D. L., and Liv, Y. H. J. Iron 
A62 (1949) 49. Steel Inst., 147 (1943) 145. 

10. CoTTRELL, A. H. Report of the 9th Solvay Conference . McReynotps, A. W. Trans. A.I.M.E., 185 (1949) 30. 

1952) 487. . Lusaun, J. D. Trans. Amer. Soc. Metals, 44 (1952) 643. 

. COTTRELL, A. H. and Gippons, D. F. Nature (London), . ARDLEY, G. W. and Corrreti, A. H. Submitted for 


162 (1948) 488 publication 
Waln, H. L. and C LL, Proc. Phys. Soc 9. WiLiraMson, G. Kk. and SMALLMAN, R. E. Submitted for 
B63 (1950) 33 
13. COTTRELL, A Dislocations and Plastic Flow in . Poctanyl, M. Z. tech. Phys., 6 (1925) 121. 
Crystals (Oxford iversity Press), to be published. 21. CoTTRELL, A. H. Progress in Metal Physics, 1 (1949) 77. 
14. HEIDENREICH, R . and SHOCKLEY, W. In ‘‘Report on 22. Axon, H. J. and Hume-RorHery, W. Proc. Roy. Soc., 
the Strength of Solids’ (London, Physical Society, 1948 A193 (1948) 1. 


39), publication. 


ANELASTIC MEASUREMENT OF ATOMIC MOBILITY UNDER 
NON-EQUILIBRIUM CONDITIONS* 


A. S. NOWICK?# and R. J. SLADEKt 


lhe anelastic method for the measurement of atomic mobility in sul 

has been applied previously to the study of silver-zine solid solutio 
is now used to measure mobility in these same alloys after quenchi 
From the variation of the initial relaxation time with temperature of 
separate the composite “‘activation energy” for atomic movement 
vacancy and the heat of activation for the movement of a vacancy. In the 
alloy the values obtained are 11.8 kcal/mole for the heat of formation, 
heat of activation associated with a vacancy. The mole fraction of vaca 
quenching from 400°C, calculated from the experimental results, is 5 
‘“freezing-in’’ temperature is probably about 300°C. The early rt 


D 
represents an approximately exponential time decay the jate 
disappearance of vacancies is very much diminished. The effect of « 
of vacancy decay 

A lower limit is estimated for the number of jumps of a vacan¢ 
is consistent with the concept that dislocations act as sinks for 


LA MESURE ANELASTIQUE DE LA MOBILITE DES ATOMES | 
DES CONDITIONS OU L'EQUILIBRE N’EST PAS ETABLI 


La méthode anélastique de mesure de la mobilité d 
substitution, qui a été appliquée antérieurement a l'étude 
conditions d’équilibre, est maintenant utilisée pout 
apres avoir retenu un exces de lacunes réticulaires 
temps initial de relaxation avec la température 
séparer l’énergie d’activation Ccomposée, du 
lacune et en chaleur d’activation du déplacem« 

70-30 les valeurs suivantes ont été obtenues: 

kcal/mole pour la chaleur d’activation associé 

de lacunes retenues par trempe en partant d 
expérimentaux, est de 5 XK 1074; la températ 
probablement d’environ 300°C. La premiére partie 
lacunes en fonction du temps, représente une loi appr 

de disparition des lacunes diminue trés sensibl 
de disparition des lacunes 

La limite inférieure du nombre 


valeur est en accord avec le conce , que les 


\NELASTISCHE MESSUNGEN DER ATOMAREN |] 
UNTER GLEICHGEWICHTSFERNEN BEDINGI 
Die anelastische Methode zur Messung der atomar Beweglich 
fester L6sungen, die friiher zur Unt 
bedingungen benutzt wurde, wird 


Legierung, in die nun jedoch ein 


war, angewandt. Es ist méglich aus der be 
mit der Messungstemperatur die 
Bildungswarme einer Leerstelle 

Im Falle einer 70-30 Silber-Zi 

fiir die Bildungswirme und 19.7 Kcal/mol 
satz (Un Molproze t der durch Abschrecl 


experimentellen Ergebnissen zu 5 X 10 
ist etwa 300°C. Der Anfang der Abklingkur 
Zeit-Abklingskurve, im weiter Verlauf geht 
Leerstellen sehr stark zuriick. Die Geschwi 
durch Kaltbearbeitung vergrdéssert 

Die untere Grenze der Zahl det oprunge, 
geschatzt. Dieser Wert steht im Einklang 
“‘dislocation’’) abfliessen kénnet 


same ind therefore 


Introduction 
Kirkendall experiments 


It is now generally agreed that atomic mobility calculation shows that 
or diffusion in metals, at least in the close-packed associated with the mechan 
structures, occurs principally by means of vacancies. ERATE PE 
Other mechanisms have been considered and elimi- ‘iad: Cubans 
U.S.A 


nated, either because they predict that the two 
components of a binary solid solution diffuse at the 
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The 


mechanisms [3] fall 


experimentally obtained values. direct inter- 


and “‘ring’’ into the 


former category, while the possibility of diffusion by 


‘ans of atoms in interstitial lattice sites is elimin- 


ated for the latter reason [4]. The vacancy mechan- 


ism is capable of explaining the movement of inert 


markers during diffusion experiments (the ‘Kirkendall 


effect’’) and, in the case of self-diffusion in copper, 


tor W hic h detailed the ret al cal ulations have been 


“activation energy” calculated on 
vacancy mechanism is 1n reasonably 
5]. 


interpretation is correct, it should 


greement with experiment 


If the vacancy 
be possible to obtain a non-equilibrium concentration 


of vacancies at low temperatures by sufficiently 


r ipid 


quenching from a higher temperature, i.e., to 


non-equilibrium excess of vacancies. 


ireeze a 


A specimen containing such frozen-in vacancies 


show an abnormally high diffusion rate at 


should 


low temperatures. Unfortunately, the time required 


for a diffusion experiment at any temperature is 


nsiderably 


vacancies to 
Stated 


than the time tor 


equilibrium at that 


tl 


temperature. 
ntlv: in order that measurable diffusion occur 


reasonable amount of time, it 1s necessar 


irements be carried out at a tem pera- 


it vacancy equilibrium is attained 
lhus, diff 


to observe the 


usion experiments cannot 


be used presence of non-equilibrium 
tratiol S OI Vat 

» be design ited 
limitations of 


can be 


astic properties of certain solid 


overcome 


ic mobility at comparativel 


lis method is based upon the 


the relaxation time associated with 
process of stress-induced ordering in an initially 
dered solid solution. The measured relaxation 

obtained trom elastic at T- 
yf the same order of magnitude 
jumps. The theory 


between atomi 


resulting from. stress-induced 


in I, 


investigation ol 


ind the method is applied 
atomic mobility, 
solid 


that 


n conditions, silver-rich 
Che 


measurements of 


silver-zinc system. fact 


permits atomic 


method | 

at low te mperatures suggests its application 
to the study of the same alloys under non-equili- 
brium conditions, i.e., after the quenching-in of an 
excess of vacancies. Preliminary experiments of this 


already been reported |7]; it was shown 
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that the relaxation time at 50°C for a silver-zin 


solid solution was decreased by a factor greater than 
104 as a result of quenching the specimen from a high 
temperature. It is the purpose of the present paper to 
extend these preliminary experiments. 

The 


analysis showing which quantities may be obtained 


theory section of this paper contains an 


from relaxation measurements under non-equilibrium 
conditions. In the presentation of the experimental 
which shows that the measured 


work, the evidence 


effects are truly the result of an increased atomic 


mobility, and not some other effect of quenching, is 
first discussed. A quantitative study of the effect of 
quenching conditions, of prior cold working, and of 
the temperature and time of measurement on the 
relaxation time is then presented. From the variation 
of the initial relaxation time with temperature, it 
becomes pe ssible to separate the omposite “activa- 
movement into the heat of 


tion enerev”’ for 


formation of a vacanev and the heat of activation 
for its movement. 

Throughout this paper the term “‘vacancy”’ will 
be used loosely , to represent the tv pe ol impertes tion 
which is responsible for atomic movement and which 
can be frozen in by rapid quenching. These experi- 
ments do not, of course, identify these imperfections 
although Frenkel defects 


as vacancies. Thus, 


interstitialcies) have been eliminated on the basis 
of evidence already discussed, pairs of vacancies or 
other multiple vacancies are not ruled out and may 


actually play a significant role in diffusion. 


Theory 


The application ot stress to i bin ir’ solid solutior 


may result in an atomic redistribution, leading to a 


non-randomness in the relative arrangements of the 
ting Lo relieve 


called 


induced ordering, and the time of relaxation for the 


two component atoms, and thereby 


the applied stress. This process is 


stress- 
process is designated by r. Let us denote by [. the 
atom jump frequency that controls the relaxation 
process. (In I, it is shown that if the two compo- 
nents of the solid solution differ markedly in their 
jump rates, then [ 


of the 


, is essentially the jump frequency 
This 


frequency is, for a vacancy mechanism, the product 


slower moving component. jump 


of the probability that a neighbor of a given atom 
is vacant and the probability per second for that 
atom to jump into a given vacant neighboring site. 
If c is the atom fraction of vacancies present in the 
lattice, the first of these probabilities is zc, where z 
is the number of nearest neighbors, while the second 
standard rate that 


is given by a formula [8], so 


chaig Ei 
carried out, th ee 
] + | 
Tne MASIS OT THe 
withi 
onventional diffusion experiments 
ordering is described iil 
te n extensive 
ander eauilibrius | 
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(1) = sc(ve where c(0) is the concentration of va 
into the alloy and @ may be called the 


where v is the atomic vibration frequency and AG Equation (9) implies that 
( ation l That iS 4 


the increase in free energy of the lattice when an a ery 
zero rather than the proper equilibrium vac 


atom neighboring a vacancy is brought from its 
5 5 ugnt concentration, but this equ ition may be 


normal lattice position into the saddle point position , 
correct when € at the tempera 


associated with the jump into the vacant lattice site. 


measurement. If c is a function of time, the quai 


The quantity AG; may be separated, in the usual . Hal —* 
r (equation Will also with time 


way, into an enthalpy and entropy term, tae 
thalpy and entropy term designate the initial valu relaxation 
AG, = AH a r(Q), then this quantity is given by (4 


substituted for c. If the quenching 


where A//,; is the height of the potential barrier he duplic ited as often as desired 


associated with the jump and AS, is the entropy of ae ; A Eh 
j alwavs the same, values o 0) ma 


activation. It is shown in | that the relation between 1 function of the temperature of 
r and I, 1s \When these values aré plotted on 


scale iwainst i. straight line 


slope the qu intity AH ,, ind 
where @ is a numerical constant whose 
about 0.4. By combining equations (1 


we obtain 


If vacancies are present in equilibrium quantities, 


inserted for 1 
their concentration is given by é, where aiald 


is known 


defined b 


where AG,, AH, and AS; are, respec tively, the free 
energy, enthalpy and entropy of formation of a 
lattice vacancy (or per mole of vacancies at infinite 
dilution). When equations (4) and (5) are combined, 
an expression is obtained for the time of relaxation 


under equilibrium conditions, 7, of the form’ 
6 


where the apparent “a tivation energy tor 


tion,’ /7,, is a composite quantity given by ind entrop. 


H, = AH; + AH dependent 


|, where 


while the quantity 7) obeys the equation 


n equatio 
l || 


AS, = AS; + AS*;). cal lated Irom the low-tem] 


1 AS R 
7 = zave 


be corrected LOT 


The quantities 7, and 7) obtained for 


silver-zinc alloys are reported in I, Let 
\ et us return 
Equation (4) is applicable more generally than to may 

equilibrium con 
the case where vacancies are present in equilibrium 


ifter quenching, it 
amounts. Suppose, for example, that an excess ol 
vacancies is frozen in by quenching and that this ' 

specimen and temperature, 
vacancy excess decays with time such that 
proportional to c, so that 


1/0 


Q = 0) e 


*The bar was not used over the symbol 7 in 
measurements reported represented equilibrium con 
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an experimental determination of the 


quantity 7 as a function of the time, for the quenched 


specimen, the relative variation of the vacancy 


concentration with time (the vacancy decay curve 
may be obtained. If this curve should obey equation 
9), the 


decay time, #6, may then be obtained. 
Clearly, the quantity c/c(Q) will fall off more rapidly 
with time the higher the temperature of measure- 
ment, due to the more rapid vacancy movement. 
In fact, it seems reasonable to expect that vacancy 


movement at a low temperature is simply a slow- 
motion version of the movement ata higher tempera- 
c/c(O 


depends on time and temperature only through the 


ture. Consequently, we anticipate that 
will 


The 


a function only of the 


mean number of jumps that a single vacancy 


make time ¢ at the given temperature. 
is, therefore, 
obtain the same decay curve for all temperatures il 


quantity c/c(Q 
product lé should then be possible to 
is plotted against this product, instead ot 
time itself. More conveniently, we ma\ 
0) against a time corrected to a refer- 


the Corres? ted lime, lt, 1s 


ay 
R 


Specimens and Experimental Method 


temperature T 1.€. 


[he preparation of the silver-zinc wire specimens 
various compositions for the torsional measure- 


‘nts is described in I. The specimens are .032 inch 


ter and 10 inches long. Most of the measure- 


ts reported herein apply to a specimen containing 


zinc, unless otherwise stated 


per cent 

experiments also include measurements 
itomi per cent zinc spec imen, | composi- 

id not been used in the earlier equilibrium 
nts reported in 3 


llows. 


juenching procedure is as fo \ specimen 
is introduced 
100°C 


nitrogen is passed. After an 


steel wire support 


furnace (usually at 
ippropriate annealing time, it is quenched into the 
desired soluti 


b ind 


quenching solution 


nm at room temperature. A long rubber 
in tension pulls the specimen down into the 


The solutions used are water, 


0.5 per cent KOH and 10 per cent CaCl 


\fter quenching, the specimen is mounted 


between pin vises as in the earlier equilibrium 


measurements, and placed into the measuring 


furnace at the desired temperature. Successive 


elastic after-effect measurements are made_ to 


determine how the time of relaxation changes with 
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time at a given temperature of measurement. For 


each measurement, the wire is twisted for an 


appropriate time, and, following its release, the 
anelastic strain is measured as a function of time. 


In each case the time of twist of the wire before 
measurement is of the order of the time of relaxation. 
The zero value for the total time at the measuring 
the 


specimen is introduced into the measuring furnace. 


temperature is taken as time at which the 


The small error due to the time required for the 
specimen to come to temperature is not significant 
in these measurements. 

The precision in the measurement of the time of 
the time to inflection 7 


relaxation, or rather of 


(see the next section) is + 10 per cent. The tem- 


perature is usually maintained constant to + 3°C 


Determination of the Relaxation Time 


In the case that a single time of relaxation is 


operative, the anelastic strain obeys the equation 


whose solution is a simple exponential function, with 


relaxation time 7. It was shown, in J, that the 


relaxation due to stress-induced ordering does not 
The 


value of 7 may then be obtained from a measurement 


deviate greatly from this simple behavior. 


of the elastic after-effect, either from the time for the 


anelastic strain to fall to 1/e of its initial value, or 


from the time from the start of the run to the inflec- 
tion point ina plot of strain against log ¢. The latter 


quantity we will designate as 7r;, or the time to 


inflection. Under equilibrium conditions, when 7 is a 


constant, these two methods are very nearl\ 


equivalent 1.e., T T but the latter one is pre- 
ferred [6] because it does not require a knowledge 
of the final position of the specimen when relaxation 
is complete. 

In the present experiments the situation is com- 
plicated by the fact that r is a function of time. 
Clearly, 


if + varies so slowly with time that it 
changes 


little during the measurement of one 
relaxation curve, the same methods may be used to 
determine 7 as when this quantity is independent ot 
time. The quantity r;may then be taken equal to the 
value of r at a total time measured from the intro- 
duction of the specimen into the measuring furnace 
to the midpoint of the relaxation curve. However, 
if rt varies appreciably over the course of one 
relaxation curve, it is readily shown that the time 
for the anelastic strain to fall to 1/e of its initial 
that 


variation of 7 with total time, ¢, is given by 7 = 


the 
r(O 


value is no longer equal to 7; Assume 


| 
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e’", corresponding to equation (9). (Even if this 
assumption is not correct over relatively long times, 
it will probably be a good approximation over the 


When the 


inflection point, 7;, for the curve of ¢€ against log ¢ is 


time required for one measurement. 


calculated, we find that 


(15 


where ¢ is the total time, from the insertion of the 
specimen into the furnace to the inflection point of 
the e-log ¢ curve, and @ is the decay time defined by 
equation (9). Thus, when 6>>7,, we have 7; = r(é 
as anticipated earlier. When 7; is of the same order 
of magnitude as 0, equation (15) should be used to 
obtain the relaxation time, 7. In general, it will be 
more convenient in most cases to give the uncorrec- 
ted and directly measured values, r;, in the presenta- 
tion of the experimental results. In any calculation 
where the corrected rt-values are required, however, 


cognizance is taken of equation (15) 


Results and Discussion 
Preliminary Measurements 
The effect of quenching a 70-30 silver-zinc alloy 
100°C. to 
initial relaxation times which are small enough to be 
the 70° to 35°C 


aiter 


from room temperature is to produce 


measured in temperature range 


relaxation times quenching 


LOO to 2500 sec. 


Corresponding 
run from about for this range. The 
equivalent equilibrium values for the same tempera- 
ture range, as obtained by extrapolation ot the data 
obtained under equilibrium conditions in I, are 
from 5 X 10° to 10° sec. Specimens that are furnace 

cooled in place of the quench show no relaxation 
effects in reasonable lengths of time and are there 
fore assumed to be more nearly in equilibrium than 
the quenched specimens. This very large decreas« 
in the relaxation time after quenching has been 


attributed [7] to the freezing in of non-equilibrium 


vacancies, resulting in more rapid 


numbers of 


atomic mobility, as anticipated from equation 

There are, however, two interpretations, other than 
the presence of a non-equilibrium concentration of 
imperfections, which might explain the observed 
phenomena. The first of these is the possibility that 
the quenching has frozen into the material a different 
state of short range order trom that which should be 
present at low temperatures, and that the existence 
of this condition results in a more rapid atomic 
mobility. This assumption should imply that, under 
equilibrium conditions of measurement, 7-values at 
low temperatures should become abnormally high as 


compared to values obtained by extrapolation trom 
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the 


\ctually 


measurements reported in | show that, on the con- 


higher temperatures. equilibrium 


trary, the plot of log 7 against 7~' curves in such 


way that low temperature values are lower than 


those obtainable from a straight line. Furthermore, 


if the attainment of equilibrium were a matter of a 


change in a ondition ol short-rang order, the de L\ 


time @ should be about equal to the initial relaxation 


time. Instead, we will see that the decay time is 


many times greater than 7(0 


An alternative explanation is that quenching 


stresses are responsible for the relaxation eltects 


after quenching. This suggestion may be doubted 


immediately since the wires used are so fine that such 


stresses will be very small; furthermore, the effects 


of the quench disappear even below 50°C if sufficient 


time is allowed. In addition, the magnitude of the 


relaxation effects in the quen hed 30 per cent 


allov is oft the same order as that obtained unde1 


equilibrium conditions for this 
internal stresses 


trom 


through very severe cold working 


this point more quantitatively, we may mak 


the fact demonstrated in I, that the magni 
the equilibrium relaxation eljects, as 
strel , 


torsion 


relaxation 


function ol concentrat 


the zinc concentration ot 


decr ised Thus, 


shows the values of Ay at 230°C to 


is obtained from the 


Che data tor the 
measurements on 


ind ire 


trom 


somew! 


quenching 
SC ond colun 1} 


values in the 


the low temperature valu 
temperature values of A 
values at 230°C, in accordance w 

inverse temperature dependence of th 
10]. It 
ture dependence is taken into 


Ay as 


is clear, however, that when this temper 


iccount, the values of 


measured under equilibrium and n 


= T (f 

re onl obtainable 
tude of 
+} 
N 
| 
( 
() i) 
— 
tne prob ble or o 
DDrOXIT 
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equilibrium conditions are in good agreement. If the 


low temperature ellects were a consequence ol 


quenching stresses, it would be quite coincidental 
if the plastic properties of these alloys ran so nearly 
parallel to the magnitude of the anelasticity result- 
ing from stress-induced ordering. It therefore seems 
mobility is truly increased as a 


as if the atomic 


result of quenching, which means that imperfections 
are frozen into the lattice. 


Preliminary measurements will now be discussed 


which show the effect of the quenching temperature 


on the time to inflection, 7;, directly after quenching 


a 30 per cent zinc alloy 


ture. All 


temperature, 


into water at room tempera- 
measurements 
19°C. The 

the range 250 to 450°C. For temperatures below 
250°C, 


are made at the same 
quenching temperature is 
the relaxation time at 49°C is too long to be 
measured conveniently: 
150°C are 


specimen due to the evaporation of zinc. If most of 


quenching temperatures 


ibove avoided to prevent damage to the 
the vacancies present under equilibrium conditions 
at the quenching temperature were frozen in by the 
quench, or, expressed differently, if the freezing-in 
i close to the 


temperature is, in each case, very 


quenching temperature, we may expect that the 


concentration of trapped vacancies is given by 


, where 7 is the quenching temperature. 


AH, 


from the slope of 


equ ition (5 


The quantity could then be determined, 


a plot of log T 4 


ipproximately, 
if the attainment of 


the 


other hand, 
‘apid in the vicinity of 
ure, the freezing-in temperature 


» somewhat lower. Under these conditions, the 


with 
specimen 
19°C 


-inflection 


silver-Zin 


initial time-te 
a 70-30 


rature of measurement, 


with quenching temperature 
AH-/RT 
the 


results of these quenching experiments; the slope of 


quantity 7; will vary 


more slowly than Figure 1 shows 


the best straight line corresponds to an energy of 
1.3 kcal/mole. Since the quantity H, is about 32 
kcal/mole for this alloy, it is very unlikely that this 
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slope represents A/7,, i.e., that the heat of formation 
of a vacancy is such a small part of the composite 
Other 


substantiate 


“activation energy’’ (see equation (7 


results will be presented later which 


this conclusion. It therefore seems that we are not 


quenching in vacancies very efficiently from these 
the freezing-in 


the 


temperatures, 1.€., temperature is 


substantially below quenching temperature. 


Under these conditions one would expect that the 
data of Figure 1 should level off at the higher 
temperatures more sharply than in the figure. One 
this failure of the curve to 


reason tor apparent 


become completely flat at higher temperatures, in the 
range of values shown, is that the rate of quenching 
through the critical temperature range is probably 
greater the greater the quenching temperature; for 
high quenching temperatures the specimen is more 
likely to enter the quenching solution before it has 
the \ctually, 


linearity of Figure 1 over the range shown mavy be 


cooled through critical range. the 
somewhat fortuitous since these preliminary data 


are not as precise as the other measurements 
reported herein. In particular the two end points of 
the curve are the least reliable: the 150° : point mav 
be abnormally low as a result of accidental careless 
handling of the specimen which occurred in the case 
of that measurement. 

In all measurements to be described throughout 
the remainder of this paper, the quenching tempera- 
ture is 400°C. This temperature is high enough to 
take advantage of the increase in the initial rate of 
with quenching temperature, as 


but 


atomic mobility 


illustrated by Figure 1, at the same time is not 
so high that vaporization of zinc becomes serious. 
It is found that the initial value of 7; is indepen- 
dent of the annealing time at the quenching tem- 
perature in the range of times from 2 to 45 minutes. 
This result is in agreement with the anticipated 
rapid attainment of equilibrium at the quenching 
temperature. 
The effect of the quenching solution is examined 
by a comparison of the initial values of 7; at a given 
temperature, after quenching into water, 0.5 per 
cent KOH, and 10 per cent CaCl: Che 
latter initial 


value of 7; 


solutions. 


two solutions seem to decrease the 
by 20 or 25 per cent below the value 
obtained by quenching into water. In all remaining 


experiments the CaCl» solution is used. 
Effect of Cold Working 
59°C 


following a quench from 400°C, are shown in Figure 


2(A 


Measurements of 7; as a function of time at 


’ 


for the 30 per cent zinc alloy. This curve is 


—— 
quenching temper 
te 
‘ 
2 c 7 
FIGURI Variati ol ) 
l€ ching temperature ior 
enched into water. empc 
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typical of the decay curves that may be obtained 
from this alloy after quenching, showing the expo- 
nential behavior described by equation (9) only at 
the start. When the curve is extrapolated to zero 


time, an initial value, 7,;(0 seconds is 


, equal to 270 
obtained, corresponding to the freshly quenched 
specimen. 


SECONDS 


FIGURE 2. Variatio1 
time at the measuri g temperature 
100°C. The irves are: \ 


B the same specime li tiv ¢ 


trom two ¢ specime well 1 


old worked before que 


There has been much the 
possibility that dislocations act as sinks for vacancies 


(11; 12] and, 
equilibrium. If these ideas 


sper ulation about 


therefore, aid in the attainment of 


are correct, we would 
anticipate that the rate of disappearance of vacancies 
increases with 
lo 
this hypothesis, it is desirable to obtain the decay 
If this cold 
working is carried out after quenching, the possible 
12] 


flow 


and, therefore, the rate at which 7 


time will be strongly structure sensitive. test 


curve for a cold-worked specimen. 


generation of vacancies by the motion of 


dislocations during plastic may complicate 


matters. On the other hand, if cold working occurs 
before the quench, the anneal at 400°C may remove 
the excess dislocations introduced into the material. 


The 


specimen is cold worked before quenching by strain- 


used is as follows. 


The procedure actually 
ing it 1.0 per cent in tension. It is then inserted into 
the furnace at 400°C for 30 seconds and quenched 
after this period. The attainment of equilibrium by 
LOO°C ; 


it is therefore expected that such a short anneal time 


vacancies should be almost instantaneous at 


will not affect the concentration of frozen-in vacan- 


cies (as already indicated by the _ preliminary 


MII 
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rand, 


On the 
time, the annealing out of the eltects ol the col 


will be \ series of 


measurements other | in such a short 


1 work 
minimized. 


measurements O! 7 


function of such a 
B the 
te of approach to equilibrium is indeed more rapid 
the Che 


Are 


as a time Io! 


cold-worked specimen is given in Figure 2 
ra 


than in earlier series of runs intercepts at 


zero time, T 0 in the two « ilmost the 


isCS 
same and, in fact, when these values 
tO T according t¢ the 


T (OQ 


) equation 5 


are equal to 280 sec within « xperil 
It therefore appears that whe reas the 
ican ies is a highh 1cture 


he 


experiment 


minutes and then quenched subsequent 


\ 


When the same specimen is again elongated 


coincides with curve ithin 


cent and the 30 second anneal and quench r 


data close to curve - > in obtained 


\ series 


to that of Figure 


70-30 sily 


similar 
well 


const 


innealed 
int quenching 
‘apol ition 


RI 


Al 


the quantit 


iS ¢ Xp 
TO 
correction Of equation 15). sin 


should he 


factor. The 


proportion 


be¢ Ltuse 


rapid that precise extra 


pecomes 


difficult, 


becomes too slow and even 


1S too targe to 


in | 


ire the aver we ol 


measure 


cure 3. Some of the points shown 


two or three determinati 


same temperature ision of these results 


shows that the quenching operation, and therefore 
the value of c(0), is quite reproducible. The quantity 


All 


estimated 


> 


3d 1s 19.7 kcal 


to 3 } al 


calculated trom Figure mole, 


mole, while 


LO 


as 


accurate 


Lue tS is 


from the intercept the va 
obtained. 


iching 


If we now combine these results of the que 
experiments with the earlier equilibrium measure- 


70-30 allov SOTIIE 


ments reported in I for the same 
ot the computations indicated in the theory sectio1 


can be made. As mentioned earlier, the equilibriu 


Two les 
/ the trozen-in vacancy concentratiol cif) not 
/ fo further check the e same 
a> i vA specimen after run B is annealed at 400° for 45 
/ 
/ | 
// 
/ 4 
Vd peated, 
e Debendence of 7.(0 
TIME, MINUTES 
2 Oot runs it dulerel tempe! tures 
100 200 300 is carried out o1 
flectio t} ta | at SDC ndet 
ching elds 7,(0). As shown in the 
the: tity 7(0) should var 
r.(O), witho the 
( time, @ 
SEE range of measurement is 36-67% 
polation of the de rve 
Wilil lov the re 
singl 1e oO} 4 
results are presented 
i this figure 
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HT, and 7) are somewhat 
The 


quantities required for the present computations are 


measurements show that 


dependent on temperature. values of these 
not the average values over the entire temperature 


range of measurement which were presented in I, 


measurement 
100°C 
rom the slope of the strai 


mote 


but the low temperature values. These are listed in 
Table I] 


equilibrium measurements. 


with the results of the 


The heat of 


together non- 


formation 


PABLE II 


nev, A/7,, is now obtained with the aid of 


lable Il. These 


s have thus enabled us TO Separate the 


7). Its value is given in 
ement 


measul 


composite “activation energv”’ for mobility, 


into its comy 


jump 


nent parts, the heat of activation 


ind the heat of formation of a 


The same separation of the quantity AS, into its 
the inter- 

AS,/R), 
the product c(0) exp (AS,/R) enters into the quan- 
We 


inserting a reasonable value for AS, into equation 


component parts cannot be made from 


cepts, for while 7)~' is proportional to exp 


tity 7, obtain c(0), however, by 


may 


(10). Such a value can be guessed at within narrow 
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Zener [8] has shown that both 


AS, and AS;, should be greater than zero, 


limits. entropy 


terms, 
because of the increased vibrational 


the tormer 


freedom of neighboring atoms upon formation of a 
vacancy, and the latter because the saddle point 
configuration for a vacancy jump is associated with 
straining of the surrounding lattice. (The jump of a 
vacancy is in this respect closely analogous to the 
solute, which also 


movement of an_ interstitial 


>] 


involves a positive entropy ol activation [13]. 


If we substitute into equation (8) the value 
sec (z 12,a = 0.4, and »y = 4 X 
10'*) we obtain, with the value of 7) of Table II, 
AS./K = 2.3. Since both AS AS; are 


than zero, reasonable values for these quantities 


and oreater 


may be obtained if each is set equal to 3AS,. Sub- 
stituting into equation (10) we obtain c(0) = 5 X 
10-4. On the basis of the uncertainties in the quan- 
this value of 
a tactor ot 4. 


a value c(0 


tities entering into this calculation, 
c(O 


The result is interesting, since even 


is estimated to be correct to within 


10~* seems to be surprisingly large for the concen- 
tration of vacancies frozen into this alloy. 
The 


dence of 7;(0 


measurements of the temperature depen- 
also make possible the calculation 
of the freezing-in temperature, Tv, as described in 
\s indicated in 


A/T, 


are required for this calculation. These are 


the theory section equation 1] 


that section, the high temperature values of 
and AS 
not known from the present measurements, but if 
low temperature values are used and a slight correc- 
tion is applied to take into account the possible 
against the 
Phe « ilcula- 


ted value of 7» is 365°C. On the basis of the uncer- 


curvature of the plot of log < 


prob ible error ; resul Is not large. 


tainties in the quantities entering into this calcula- 


tion, the reliability of this result is estimated to be 


+ 70°C. In view of the results of Figure 1, which 
show that 7’y is substantially less than the quench- 
ing temperature, even for a quenching temperature 
below 300°C, it is quite likely that the quantity T; 
measurements is actually 


in the present set of 


somewhat lower than 365°C: a value of about 300°C 
would be consistent both with the estimated prob- 
able error in the present calculations and with th 


results of Figure 1. 


The Vacancy Decay Curves 


The variation of +; with time after quenching at a 


constant temperature of 59°C has already been 


shown, both before and after cold working, in Figure 
2. As demonstrated in the theory section, equation 


(12), the relative variations of 7~! with time gives 


TEMPERATURE OF MEASUREMENT (°C 
_. 60 50 40 
40C 
se 30 3 3.2 
1000 
FIGURE 3 Che tial time-to-inflection as a function of 
the temp lor 7699 
specime into cal m chloride 
solutio I ght line the value AH 
19.7 kcal / obtained 
PRIN¢ L NUMERIK RESULTS OF EQUILIBRIUM ANI 
NON-EQUILIBRIUM MEASUREMENTS 
J ri } 31.5 ke log 7 14.30 
easurement 19.7 ro(O 
0 5 x 10 
365 
into its con) 
vacane’ 


NOWICK axp SLADEK 
the relative variation of the vacancy concentration 
with time. It was also shown that if the quantity 
' is plotted against a corrected time, 
given by equation (13), the decay curves obtained 
for different temperatures should fall together. \ 


series of runs on the same well-annealed (70-30 


silver-zinc wire specimen at different temperatures 


are shown in Figure 4, where 7;~'/7,;-!(0) is plotted 
against corrected time (using 59°C as the reference 


temperature). These are the same runs from which 


K 


NO 200 tale 
JU VU 


CORRECTED TIME, MINUTES 


Che vacancy deca\ ( 


temperatures, plotted igal 
59°C 


temperature, 
the quantities Ti(O , discussed in the last section, are 


obtained. Figure 4 shows that the vacancy 


curves for various temperatures are brought 


very nearly a single curve when plotted against 
corrected time. The small deviations that do occur 
mav be related to the structure sensitivity of these 
decay curves, as previously demonstrated in Figure 
2. The early part of Figure 4 shows an exponential 
decay, in agreement with equation (9); from this 
straight-line part ol the curve a value of the decay 
50°C. 


time, 6, of 60 minutes is obtained at 


ratio 6/7,;(0) = 14, which is approximately indepen- 
dent of temperature. 

From the numerical values of the decay time it is 
possible to make still another independent estimate 
of the freezing-in temperature, 7’. It is reasonable 
to assume that during the quenching operation, the 
time for the temperature to fall through the freezing- 
in temperature is of the order of magnitude of 0.01 
sec., at least to within a power of ten. In order to 
trap vacancies, 6 must therefore be equal to about 
0.01 sec. at 
according to = 6 


Ty. Since @ varies with temperature 


AH ;/RT and its value at 59°C is 


ANELASTIC MI 


ASUREMENT OF ATOMIC MOBILITY 


this way using the 
Table I] 
in 


known, we can calculate 7’ in 
AH 


obtained is 


determined 
0.01 sec. at 


value of alread, 


result that 6 


good agreement with the estimate of 7’ in the last 


section. The agreement between these independent 
calculations of T; ind the reasonable values obtained 
indicates the self-consistency of the interpretation 
that has been given to these experiments 

It is possible, on the basis of the results obtained, 
to estimate a limiting value for the number of jumps 
can make before it is annihilated 


that a vacancy, 


From equation 3), the quantity T a is the itomik 
the rate controlling component 


(As 


section, when the jump probabilities of 


jump frequency of 


of the solid solution. indicated in the theon 


the two 
the rel ixation rate 


ot the 


atomic species are not the same, 


is determined by the rate of jump slower 


moving component.) If we now divide this atomi 


jump trequency by the vacancy concentration, c, 


and multiply bv the mole fraction of the slowel 


moving component, /, we obtain the quantity 
7 'f/ac which is the number of times per second that 
interchanges positions with one of th 


to the 


a VaC 


slower moving atoms. quantity therefore 


represents a lower limit jump frequency ot 


a vacancy. If it is multiplied by 
lower limit is obtained for the 
jumps before annihilation 

c(O) is estimated as 


lower limit is about 


dislo itions are ssumed 


dislo ation densi 


ind the 
] 

cm then the fraction 

sinks for 


should 


assum 


Serve is 
\ vacanc\ 
jumps, if we 
until it comes close 
with the lower limi 


4 


OCCUTS 


noteworthy 

Che sharp dé 
curve is most apparent in Fig 
ments taken atl the highest 
[These measurements could be 
the others, since relaxatiot 


rates and sO the largest 


measurements could be 
in the rate olf dec 
further investigation. Possible 
are either the exhaustion 
vacancies are absorbed, or 
than one type of imperfection 


atomic mobility. 


v-42°C 
\ a-59° 
v\ 
oO | 
> 
C 400 500 the de time. 
3 imber of vacancy 
FIGURE ves for different ce 6/7,(0 l4 and 
measuring st corrected time 
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Note Added in Proof* 


It is actually not required that the quantity 


AH 


3) be 


obtained from initial relaxation times (Figure 


precisely equal to the activation energy 


associated with the decay time, @. A difference may 
be expected because the relaxation rate is deter- 
mined by the slower moving component while the 
the fa one. 


appears in 


decay rate is determined by ster 


possible indication of this difference 


Figure 4, which shows a small systematic deviation 


ata for different temperatures from the 


mean curve. If this deviation is regarded as signi- 
ficant, it implies that the vacancy decay time may 
be associated with an activation energy of about 
17 keal 


value of AH;. Using this rough value, we may 


mole, in contrast to the somewhat higher 


estimate that the rate of vacancy movement at 


50°C is about 50 times greater than the lower limit 


calculated above. The mean lifetime of a vacancy 


is then of the order of 10° jumps, in good agreement 


with the concept of dislocations as vacancy 
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EXPERIMENTAL VERIFICATION OF THE TWIN SYSTEM IN ALPHA-IRON* 
H. W. PAXTON? 


Che crystallographic elements involved in the mecha lt 
Neumann lamellae have been evaluated Che ter hi ique 1 
surface by optical goniometry of the tilt produced by twi 
at — 185°C. It was found that the twinning plane 
angle of shear was (within experimental error) the theoreti 
cases on systems which would not be expected to twi 
l str 


accommodation systems in regions of severe loca all 


VERIFICATION EXPERIMENTALE DU SYSTEME DE MAC DANS LEI 


| ne é\ tluation a été faite des éléme nts crist illogr iphiq les q li 
mécanique du fer @ (c.-a-d. la production des lamelles de imant 
de la goniométrie optique pour la mesure, sur ut rf 
d’un monocristal pendant la rupture par tt 
était le 12}, la directior de maclage LIL 
pres la valeur théoriq ie de 38°56’. Dans certai 
dans lesquels on ne se serait pas atte! du au macl: 


systemes d’adapt ition dans des régions d« ral 


EXPERIMENTELLE BESTATIGUNG DES ZWILLINGSSYSTEMS IN 


Die kristallographischen Elemente, die an der mechanischen Zwilli 
Lamelle 1 bete iligt sind, werden a isgewertel Dic x perime 
der Neigu SY elner polierten Obe rflache 
war durch Zwillingsbildung eines Einkristalles waht 

185°C entstanden. Als Zwillingsebene wurde } 112} get 

und der Scherungswinkel stimmte innerhalb der experimentell 

Wert, 38°56’, tiberein. | einigen Fallen wurde La | 

Zug keine Zwilli esbildu Zelgt sollte Es wird 


formationen im Gebiete starker Ort 


Simple considerations of lattice geometry suggest from a study ol 
that mechanical twinning of the body centred Young [2] were 
cubic lattice can take place most easily by a homo that the shear was al 
geneous shear on a |112} plane in the (111) direction In the work to be descril 
lving in this plane. The crystallographic shear s establish the three 
required is 0.7071, and this should be equal to the rection, and shear) sin 
macroscopic shear. Alpha-iron and its dilute alloys t tilt, produced by 
appear to be the only body centred cubic metals in lish surtace on 
which mechanical twinning has been definite] 

Experimental Method 

demonstrated. 


Several workers [1; 2; 3] have shown that mech wins were produced 


anical twins (‘‘Neumann lamellae’’) | -iron have a tt il » crvstals containu bout 0.003 pet 


{112} as composition plane. However, the shear y slow tension in a bath of liquid air. Th 

direction and the magnitude of the shear do not 

appear to have been reliably determined. Orientation 

determinations by X-rays are difficult because of the 

severe local distortion of the lattice, and because of 

the narrowness of the twins (about 5u). Mathewson 

and Edmunds [4] reported that they obtained 

X-ray evidence for twinning in silicon-iron being 

exactly as predicted theoretically, but it is difficult to 

assess the accuracy of the work from the published 

photographs. Recently, Kelly [5] has attempted an [wins on four ditferet 

X-ray investigation using a micro-beam camera. each case, although th 

After inferring that the twinning direction was [11] very small. It seems most 

all produced by the sh 

*Received November 5, 1952 ‘noe ti 
tDepartment of Physical and 

University of Birmingham, England 
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The twins could readily be detected on polished 
surfaces by the relief effects which they produced. 
The angles which their traces made with the tensile 
of included angle 


were measured 


direction on two faces known 


+ 


to the nearest 


approximately 90° 
6.5° on a Vickers metallograph. The orientations of 


crvstals were determined within an accuracy ol 


conventional Laue back-refle« tion method. 


the 
1° by 
It proved possible to identify the pairs of traces 


twin family on the two surfaces unambig- 


bv 


densities of traces 1 


of each 


ioush counting the number and estimating 


n various regions; hence it was 
unnecessary to pair ofr all possible combinations ol 


trace normals to find a recurring plane, as is some- 


when using this method of determin- 


| imes necessary 


all 8 « that were 


ises 


ing planes from traces. In 


examined, the pole of the observed twins was 


ola 
The complex nature of the deformation is shown 


112} plane. 


the fact that only 5 of the 8 twin svstems which 
observed should theoretically twin to relieve 


The other 3 twin systems are 
to relieve 


wore 
tensile stress. in all 


pre ybability 


1 
toc 


accommodation systems |6; 7] 
al strains. 

When {112}! had been established as the twinning 
» the shear direction and the magnitude of the 
shear were evaluated by the following method, due to 
Greninger and Troiano [8]. During the formation of 
twins, the surface was sheared into a position shown 
diagrammatically in Figure 1. 

The sheared surface in the twin remained suffi- 
ciently plane to reflect incident light coherently, 


and measurement of the poles of the four surfaces 
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P,, Ps, T;, T2, was possible with a two circle gonio- 
meter. The accuracy was lowest on the narrow edge 
of the strip, where a certain amount of rounding off 
had been produced during the electropolishing. By 
taking a large number of observations the scatter 
could be reduced and an average taken with some 
degree of confidence. An internal check is of course 
possible with a two circle goniometer since there are 
two positions of the circles which can be used to 
obtain reflection. The value eventually chosen for 
any pole was the arithmetic average of the means of 
the observations in each setting. 

These poles are plotted on a stereogram which has 
as its plane of projection the twin plane determined 
The 


cir les. 


trom trace measurements in two. surfaces. 


drawn creat 


corresponding planes are as 
his stage is shown in Figure 2. The direction of 
shear is found by noting that a, the intersection of 
and the intersection of 
and by twinning. It isa stereographic property 
of the shear of any direction that it must move along 
the 


is sheared into 3, 


a great circle whose intersection with basic 
circle is the shear direction. The sense of the shear 
is obtained from the fact that a must move to } and 
not vice versa. 


In 


twinning 


in the 
X-ray 


the theoreti il shear 


direction lying 


111] 


determined 


Figure 2 the 


as from the 


plane, 


orientation, agrees well with 


URFACE To 


~ 
SHEAR 
_ 
DIRECTION 


P. 
SURFACE 6- 


SURFACE 7, 


FIGURE 2 
direction. The arrows on each side show the range 
of error in the 
caused by uncertainty in 7». The same measure of 


determination of shear direction 


agreement was observed for the other twin systems 


studied. 

To measure the magnitude of the shear, a stereo- 
graphic projection of the unit twinning sphere [9] on 
the twin plane has been superimposed on Figure 2. 


The second undistorted plane K» (ec) moves to the 


T2 
= 
TOR 
a 


PAXTON: 


symmetrical position about the centre 
trace normals to both planes pass 
experimentally determined 

intersections of Ke with P, (c) 


shear direction. 


and P» (e) are carried 
by shear to the intersections of K.»’ with 7, (d) and 
T2 (f) respectively. By trial and error, symmetrical 


positions about 


the plane normal to the shear 


direction are found for Ke and K,’ such that cd and 


ef simultaneously lie on small circles perpendicular 


to this plane and represent equal angles. With 
s = 0.7071, the calculated value for cd = ef = 38° 
56’. Observations on one twin system in each of the 
two different CTY stals eave the value 37° in each case. 

It was not possible to measure 7» for all the sys- 
tems in each crystal with sufficient accuracy, and 
thus the shear direction for these cannot be deter- 
mined. An estimate of the magnitude of the shear 
was obtained from the tilt on one surface on 
of }112!/(111) as twinning 


lypical values are listed in the table below. 


the 


basis system. 


Specime! 


family 


Dwi 


, K2’ (fd). The 
through the 


rhe 


SYSTEM 
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This method is not so 


accurate as the two surtace 


measurements, but the agreement with the theoreti- 


cal value is reasonable. 
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THERMODYNAMICS OF ORDERING ALLOYS, 


I. ACTIVITIES IN COBALT-PLATINUM ALLOYS AND SOME 


sENERAL 


CONSIDERATIONS ON ORDERING SYSTEMS* 


R. A. 


ot cobalt 


observed thermody! 


Che 
lor orderi re allovs 
1eW of distortio il energ\ 

listortional, cr strain, ener 


rrespol 


LA THERMODYNAMIQU! 


ORDRE-DESORDRE, | 


ORIANT# 


1; 
solid cobalt-platinum allovs has bee 


The properties of this and other 
l thermal entropy, and electronic i 


eV Cannot 


DES ALLIAGES Q 
LES ACTIVITES DANS LES ALLIAGES COBALT-PLATINE E1 


| measured by 


amic properties are not those predic ted by 


ordering svstems are dis 
teractl i 


be evaluated from a cor 


iquid solutions 


OUI SUBISSENT LA TRANSFORMATION 


QUELQUES CONSIDERATIONS GENERALES SUR LES SYSTEMES QUI S';}ORDONNENT 


d l cobalt dai s les 


L’activité 
nil Les pri 


iques 

systeme que d 

tio de l’entropi 

i i Oplt 


gie de det 
tions solides et 


ORDNI 
\TIN LEGIERI 


RMODYNAMIK 
KOBALT-PI 


des obalits 


Introduction 


[The thermodynamic investigation of allovs that 


exhibit a superlattice may provisionally be divided 


into two « itegories: first, the study of the values and 


of the significance of the thermodynamic parameters 


that characterize the solid solutions which support 


reactions, and second, the problem ol 


superiattice 


the nature ol the ordering reaction itself. Experimen- 


iterial of a thermodynamic nature is rather 


the nearly fifty metallic binary systems 


1ave been found to exhibit a superlattice 


reaction, thermodynamic activity measurements 


have been carried out on only nine; none of these is of 
sufficient precision or extent to furnish answers to 
all the pertinent questions. The phase diagrams of 


such systems are continually undergoing revision; 


new ordering reactions are being found in binaries 
had 


and 


thoroughly studied 
the 


lered 


been 
ol 
and 


which presumably 


before, the question coexistence at 
phases 


The 


sluggishness of many of the order-disorder trans- 


equilibrium ol ordered 


[1; 2] has still to be settled for many systems. 
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uasi-chimique des alliage 


autres ql 


illiage Ss solide s cobalt 


jpriétés thermodv1 imuques observées ne coil 


ll 


thermique et 
rmation ne peut pas étre évaluée par la « 


liquides corre sponda 


NGSFAHIGER 
NGI 
ORDNI 


la te 


] 
VOC it 


cle 


t pasa 


platine a été mesuree au move ch 


prédu 


Les 


ide 
ordre -désordre 


point 


la transformatio1 


lonnent 


subissat 


s ort discutées du 


de S 1nteractions électro1 
omparal 


ites, 


NGEN, I. AKTIVITATEN 
\LLGEMEIN] 


SYSTEMI 


LEGIERI 
N UND EINIGI 
NGSFAHIGI 


Leet rl 
thert 
osfahiger Legierur 
ihiger Systeme werd 
Wechselwirkur 


LIMIs¢ he 


II ell 


nod 


formations, as has been established lor copper-gold 


ind by the as vet 


Newkirk [5], 


as to the thermo- 


allovs by Dienes Si Borelius f 


incomplete work of Rhines and 


renders suspect any conclusions 
dynamic nature of the ordering reaction drawn from 
the measurement of the heat Capa ity through the 
by Sykes and Jones 
Svkes [7] for FeNi 
and MeCd. 


investigation ol 


“lambda point’ as done 6 


Au, Leech and 
Khomvakov [8] for MgeCd 


This paper is part of a svstemati 


for Cu and 


the thermodynamic properties of ordering systems, 
endeavoring to cast some light on the factors that 
promote the formation of the superlattice and on the 
nature of the transition itself. It will be of interest to 
compare the experimental results with the predic- 
tions of the various statistical mechanical theories 


of ordering [9]. 


Experimental 


The elec tromotive fore e developed by the cell 
Co,-. Co* Co(Pt 


was measured temperature 


in electrolyte 


as a function of and 
alloy composition. The electrolyte was an eutectic 
mixture of LiCl and KCI, melting at approximatelv 
360°C, 


CoCls. The cell emploved is shown diagramaticallv 


to which was added a very small amount of 


tecl ( the quasi-chemical 
theor ssed from the 
point of s shown that 1 
general parison of the heats of 
solution of solid and 
tions de la th 
en général. l’éner des chale de 
UBERLEGUNGI 
Die Aktivitat co! fest Kobalt-Plat it der galva he 
Element-Technik gemessen. Die experimentell gefunden Eigenschaften stit 
cht t ae a ircl quasi-chem sche Theorie gen vorausgesagte 
er Die Eigenschaften dieses und anderer ord 9 om Standounkt 
er Verzerrungsenergie, der thermischen Entropie und d © Elektronen dis 
ert. Es wird gezeigt, dass im allgemeinen die Verzerru einen Vergk det 
hich 


ORIANI 


in Figure 1. Because of the very high temperatures 
involved, the portion of the cell immersed in the 
furnace is of quartz, eraded to Py rex at the top. 
An independently calibrated thermocouple ol plati- 
num-platinum, 10 per cent rhodium measures the 
temperature of the molten electrolyte. Each elec- 


trode is surrounded by a loosely fitting quartz tube 


projects into te this 


prevents accidental contact of one electrode with 


another, and also avoids an possibility ot a current 


being carried from one electrode to another by 


electrolvte condensed in the cooler surtaces of the 


] 
cell. 


alloy 


he ele tr¢ des were 


three different 


had 


trodes and one of pure cobalt. 


Fac h cell usually 


wound into spirals in order to lessen polarizatior 


effects by presenting as much surface as possible to 


the electrolyte. However, the portion of the ele 
trodes projecting from the bath were drawn down 
to a few mils in diameter in order to decrease heat 


conduction up the suspension wires. These 
were of platinum, and were spot-welded to the 


Che 


platinum suspension wires were silver-soldered to 


electrodes to assure eood electrical contact. 
tungsten wires sealed through glass at the top of the 
cell. The thermal e.m.f. caused by all these junctions 
was measured at various temperatures in a separate 
Che 


voltages from the cell were measured to the nearest 


Leeds-Northrup 


experiment, and was found to be negligible. 


hundredth of a millivolt by a 


K-2 potent iometer. 


RING ALLOYS 
The KCI and LiCl salts were given 


baking at 330°C for one week under vacuum in 


separate apparatus Chis treatment was designed to 
decompose the chlorates present In the salts ind to 


remove most of the moistu1 

poured as 

into the preheated cell, and 

under 

Che side 

ind the cel 


330°C 


previously dried 


( hloride, Was added 
vacuum system 


sealed to l contents 


were desiccated bi ‘atin il two weeks 


under vacuum. At the e1 his time, the { 


temperature was raised 
evacuation was continued 


\rgon, 


furnaces, 


purified bi passage 


the first at 550°C and the second at 200% 


lt tmosphere, int 


was introduced 


which 


oO 


pure obalt in contac 


| pon opening a 
I I 


the el ( trodes WeTe 
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brium, is obtained from the reproducibility and 


internal consistency of the e.m.f. values obtained 


upon varying the cell temperature haphazardly. 


The recorded values of voltage were obtained by 


maintaining the cell at constant temperature until 
all the 


values; 


electrode potentials had reached steady 


then the temperature was 
decreased (the choice was usually made haphazardly 


held 


voltages Was attained. The reproduc - 


ind he temperature again constant until 


constancy ol 
ibility thus obtained is basis for the belief 


all the 


ot activities 


strong 
conditions for satisfactory measurement 
Che 


ranged from one hour to over two davs, 


that 


were met. times of waiting for 
constancy 


depending on the temperature level. 


Experimental Results 


The experime ntal values of electrode potential as 


. function of temperature and 


lable I, 


[he scatter of the points is not excessive in view of 


composition are 


) 


presented in and are plotted in Figure 2. 


the very high involved and in view 


of the 


temperatures 


non-directional way in which the cells were 


TABLE 


DATA OF E.M.I Vs TEMPERATURI 


ARIOUS ALLOY COMPOSITIONS 


from This 
the 
temperature variation contrasts with the 


taken one temperature to another. 


independence Ol the electrode voltages from 


manner ol 
results of Weibke and Quadt 10] tor solid copper- 
cold alloys; they obtained different curves for the 
ascending-temperature and the descending-tempera- 
ture portions of the runs. The consistency of the 
lower tem- 


high-temperature points with those at 
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peratures and the general internal consistency of the 

data demonstrate the absence of spurious effects 

such as disturbed the higher-temperature results on 

solid copper-platinum alloys of Weibke and Matthes 

11]. 
rhe 


straight lines, though it 


voltage data were fitted with the _ best 


appeared that the data for 


TEMPERATURE, °C 
FIGURE 2 . temperature: 
allovs of atom fraction cobalt of 0.35 and 0.51 are 


best described by two intersecting straight lines. 
Although the point of inflection for the 0.5] alloy 
appears to agree with the temperature of ordering 
according to the phase diagram of Newkirk et a 
1], the facts that the data are of insufficiently high 
precision and that similar points of inflection are not 
observed for other compositions where they may be 
expected diminish the confidence one can place on 
this inflection. The knee in the curve for the 0.35 
alloy, however, does seem to be beyond the range 
of experimental error, but it does not correspond 
to any transformation depicted in the established 
phase diagram. Nevertheless, this inflec tion ma\ be 
connected with the ordered phase recently found by 
Martin [12], 


composition CoPt 


Geisler and which centers about the 
The question of the thermody, namic aspects ol the 
itself 


study. For the present in this laboratory the problem 


transformation must be deterred for future 


has been transferred to the copper-gold system, lor 
which the much lower temperatures involved lead to 
simpler experimental problems. Our present results 
for the Cu-Au system show that a thermodynamic 
study of the order-disorder transformations in such 
alloys must be carried out through much longer 
isothermal holding times than have hitherto been 
employed. This view is supported by the irrepro- 
ducibility of the inflections in the curves of Weibke 
and Quadt [10] for the same system, and the lack of 
correspondence between the inflections found by 


Weibke and Matthes 


11] for the Cu-Pt system and 


Keo 
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PABLE II 


SUMMARY OF CALCULATIONS BASED ON Da 


640.5 
705.2 
770.0 
S05 .7 
765 
S14 
631 


O44 


The ibsolute temperature 


the phase diagram of Esch and S« hneider [13]. 


electrical resistivity measurements of Rhines and 2 is the valence chang 


co-workers [5] on copper-gold alloys show that calculation of the thermodynamic properties ol 


holding times of weeks or months may be necessary by the application of the Gibbs-Duhem ex 


to achieve equilibrium. The present reproducible advantage was taken of the simplifi 


curves below the temperatures of ordering of Co-Pt possible by the use of excess molar qua 


] 4 
Or solution 


alloys may be considered as measurements upon The excess mola 
metastable systems, the properties of which are AGe,, is the excess 
related to the thermal history of the samples energy ove! 
Therefore, the results at lower temperatures will solution, that 
not be considered further in this paper. rv 

Table II lists the quantities derived from the data ‘ 
at 850°C, a temperature well above the highest 
temperature of ordering. Che slopes of the voltage y=activityv coefh 


temperature curves are expressed as Ti rovolts pel 


1200 


nh 


1000 


CAL /MOL 


FIGURE 3 Cobalt plat 


heat of solution. 


degree, the free energies and the enthalpy as calories 


~ 


per gram atom, and the entropies as calories pet 


degree per gram atom. The activity of cobalt in th 
solid solution was computed by the relation 
| 2FE = — RT Ina, 


where F is the faradav, R the gas constant, 7° the 


to dE/dT AGe AGpt AG Pt ey, \ \ 
0.32, 110 0.244 945.9 11.3 0.76 2 83 0 36 () 67 7 
35 93.4 256 278.6 66.7 74 2.23 0.06 0.7 768 
17 333 298 .4 204 61 2.1 0.27 () 
dl, 71.0 359 320.7 96) 56 1 Of () 27 14 020 
D6 71.0 102 322 19 2 15 0) | | oF OO 
72.0 110 320.3 349 17 2.27 0.06 0) 
69 16.7 521 12.9 140 31 0.03 , 5S 13 S30 
73 25.0 567 6 160 24 0.53 03 1 20 R01) 
oO 
tions 1 cle 
A leal 
RT — 
153 ent a Phe corresponding 
ntegration ol} the (sibbs-D hem rhe 
- 
4 4 
AG 
800 \ au 
Ou \ e 
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600 The inte i excess mo r iree OT | 
4 \ 
4 
a \ they 
oO \ ) 
400 \ 
4 
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/ \ wal 
4 
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/ 
200 "Nx / 
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= x) 
400 Ac 
-600 
ind the AS ~ iculated b equatt 
fe) 2 3 4 5 6 7 8 9 ; 
replacing the A ) AS Unie 
AS AS AS 
mn excess quantit tne fh t SO ti ( 
the ideal case). is obtained b 
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ree energy ol solution at 850°C ire shown as a 


tion of atom fraction of cobalt in Figure 3. 


Lune 
course of the activities of the 


lle 


two components 


Figure 4; the 


composition 


taine from the AG‘ 


temperatures 
ave short-rang 
16] 


( ‘ow ley ior 


1 
ohbors 
Ing as 
atoms ot species 
to produce 74» pail 
is T 
no pre Cll 
1 
tne 


ind finding 

.2) pairs by setting equal 
ive of the Iree enere with respect 
ns [19] as an ximation [14 
the 


imber, 


itom tra tion ol species 
ind Z the 


lherefore, in order to have the 


Avog idro 


+ 
the lat ice. 


coordination 


pairs larger than the random 


be a negative number (i.e 


L(€1 , so that the enthalpy of solution, 
AH, must be a negative quantity. 
20] that 


Furthermore, it 


shown this treatment leads to 
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for each of 
the 


activity coefficients smaller than unity 


the components. Finally, because of existence 
of short-range order the entropy of mixing must be 
smaller than that for an ideal solution. 

These charac teristi S are ssessed by copper-gold 


solid solutions [10] above the temperatures ol long- 


range order. Indeed, for the composition CusAu, the 
short-range order computed from Cowley’s X-ray 
data with that calcula 
ted from the activity data of Weibke and Quadt 
10] 


agreement with theory 


16] agrees satisfactorily [21] 


Similar POC ve 
\Meg-Cd, accord- 


recent data of Trumbore, Wallace, and 


by the nearest-neighbor theory. 


is shown by 


99) 


ae However, the present results on Co-Pt 
completely disagree with the predictions of theory 1 
that the observed heat ot 


Table II] 


than the ideal value, and though the 


solution is positive, not 


negative (see the entropy ol solution is 


much larger 


deviations from Raoult’s Law for the cobalt are 


negative throughout, the deviations for platinum 
are positive for much of the composition range. 


As Table III shows, 


in evincing disagreement 


the Co-Pt binarv is not alone 
with the predictions of 
although the heat 


theory for ordering allovs. Thus, 


rABLE III 


> 
DYNAMIC | 


1230 
1940 
1780 L000 
3280 1500 


900 390 


of solution for Cu-Pt is a negative quantity as 
expected, the entropy of mixing is far larger than 
the ideal value, and the platinum has a comp sition 
range in which the deviation from Raoult’s Law is 
[11]. Furthermore, as has been pointed out 
the 


composition CuPt cannot possibly be explained by 


positive 
previously [15], the superlattice reaction at 
nearest-neighbor interactions, 
the 


platinum atoms upon alternate (111 


because the segrega 


tion in ordered structure of copper and of 


planes in 
{.c.c. lattice causes the number of dissimilar nearest 
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Discussion of Results 
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a 1 SysTtrews* 
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neighbors to be the same below as above the 


ordering temperature. 

The inclusion of the Pb-Tl system in Table III as 
an ordering alloy is done on the strength of the 
experimental and computational results of Tang and 
Pauling [23], 


structures at PbTl; and PbTl;. The e.m.f. data of 


which definitely indicate ordered 
Olander [24] have been used by the writer to calcu- 
late the activity curve for Pb by graphical integra- 
tion of the Gibbs-Duhem equation. Qualitatively, 
the activities of the components follow the same 
course as those in the Cu-Pt system; the Tl deviates 
negatively throughout, but the Pb deviates posi- 
tively from x7; of 0 to 0.45, and then negatively. 
The heat and entropy of mixing for this system 
obey the theory. 

That there are deviations from the configurational 
theory of nearest neighbors must be ascribed to the 
fact that the configurational aspect is only a part 
of the solution process, the other parts not being 
considered in the theory previously outlined. Thus, 
the ol 


configurational 


the entropy of solution must be sum two 


important terms; the first is the 


contribution due to the number of ways of arranging 
the two kinds of atoms to produce m2 pairs of the 
1-2) 


Takagi considers only atoms of equal size. Hilde- 


type. The combinatorial problem solved by 


brand and Scott [25] and Guggenheim [26] show that 
the random mixing of unequal-sized atoms gives 


rise to a greater entropy increase than does the 


mixing of atoms of equal size. This is a very small 


correction term, amounting to 0.02 cal, mol deg. for 


an equimolar random solution of atoms having a 


10 per cent disparity in radii, as do cobalt and 


platinum. This correction to the configurational 
entropy cannot be expected to be a significant term 


either for the solid solutions with which we are 


presently concerned, or for the many liquid metalli 
solutions showing entropies of mixing greater than 
7; 28]. 


[<4 


the ideal value 


The second contributing factor to the entropy of 


solution, one which is not at all considered in the 
is the entropy due to the 


called the 


approximately 


theory, 


the 


configurational 
atoms, sometimes 


29]. It c 


vibrations of 


thermal entropy 


evaluated by 


AC, is the change in 


associated with the reaction 


M, X2 My 


If AW, and 
the force constants in pure 


here 


M. had the same atomic masses, and if 
and in the solu- 


RING ALLOYS 


tion were all the same, then Kopp’s law otf additivit 


ol heat Capa ities would he obe \ ed ind the then ! 


entropy would be zero. Dat for order 


allovs oOF€ nerally lack ng, but in ide Ol 


are 
possible Importance of the thermal entrop' 


gained by noting that if AC, were to eq 


em. atom, and wet ve constal 


cal deg 


100 


to 1000°K, then 


Now, on (4 


palladium, 


AC 


an ordering s 


the lor 1 mposit 


stem, 
ie 


so 


from the equations give 


0.36 cal/deg. gm. atom 
the rmal entrop\ contribution ior this composit 
should be In identally, 


composition CuPd may be obt 


1 


AC, tor the 


the s 


fairly large the 


uned from 
0.08 cal 


source 30}, and it is found to be mol deg 


it 


attempting to estimate deviations trom Kopp’s 1 


this calculation shows ftalla O 


of individual atomic propert 


by the disparity 
viz. the Debve temper itures. Untortunately, 
data for the Cu-Pd svstem do not exist SO 
effect of the thermal entropy contributions 
two compositions cannot be checked. However 


can be seen from this example that the differet 


observed entropies ol solut Ol 


th in 


short-range 


between the large 
( uPt ( oPt 
AS expected bi virtue ol 


and illovs ind the smaller 
the 
well be explainable by the non iddi 
capacities ot the component 
particularly strong 
because ol 

Ol the components 


lhe 


mportant 


volume change 


factor in altect 


contribution, as evidenced b 


Ol solution solid ( d 
+} 


smaller than the ideal ent y of mixi 


comp sitions ex¢ pl those wl illo. SI 


in increase volume composit 


AS 


However, 


is considerabl larger than 


the 


ibution 


rved 
value. tween 


] 
entropy cont volun 
innotl 


Au 


Pb 23 | ull show posit 


solution « 


although Cu 


ir 
omponents) onl 
thermal ntropies ol solutior 
Zener 33 has pointed out 


ispect ol the vibr ition i contribution to the 


149 
0.2 dI1n 7 0.46 cal /deg.gm. ator 
Pd ot coppet 
be calculated 
30] to be 
ge 
a ot the he 
measured entropies 
change « 
[13], Co-Pt [32], and 
J, cleviations from Vegard’s 
J 0 
Law (i.e., that the lattice parameter of the alloy is 
the heat capacity | 
I mecvers O 
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solution is the strain energy attending the solution 


the solute atoms. Attempts to consider the 


v contribution to the heat of solution 


have usually artificially apportioned the latter into a 


‘chemical,’ or atom-interchange energy of the sort 


envisioned by the theory of equation (9), and a 


un energy which is necessarily positive. Lawson 


34] calculates the strain energy in the solid solution 


is the elastic energy of distortion of an isotropi 


shell surrounding a solute atom, and by a simple, 


dmittedly inappropriate assumption, extends the 
35] 


instead of 


treatment to concentrated solutions. Heumann 


employs the same assumptions, but 


the elastic shear modulus as an intensity 


factor, he uses a thermal quantity, the ratio of the 


thermal expansion coefficient to the isothermal 


compressibility. Whichever way the strain energy is 


calculated, one obtains numbers of the order of 


| to 7 kcal/mol at a mol fraction of which are of 


the order of magnitude of the heats of solution 


observed 
However, the strain energy is only a part of the 
must 


Phat 


such an interaction energy must exist independently 


it of solution and the interaction term, w, 
ily to the strain-energy term. 


ot strain effects 1s shown by the non-zero heats of 


solution in liquid systems, in which presumably 
Strain energy has no rol he in lination then is to 
contribution in solid 
AlT of the 
the A/T ol 


i¢ tion 


trv to obtain the strain-enere, 


subtracting the observed 


sol 


corresponding liquid solutions trom the 


solid 


the same mol fr: Lumsden 


Cd-Zn 


solution 


solutions Ol 


has done this for the system, using 


r heats of in very dilute solu- 

issumption being that the interac tion, or 
iemical, term remains identical in both phases 
Nevertheless, 


strain energy 


this procedure for calculating the 


recommended as a general 


Table IV show, 
Ae, 


j 
i B 


state is usually either zero 


innot be 
the heat ol 


for the solid state 


. Since the distortional energy 


\ positive quantity, the results 


the issumptions ol the separability of the 


en from the interchange energy, and the 


ergy 
4 the latter term from the liquid to the 


solid phase are not justified. It would indeed be 


remarkable if the interchange energy of the liquid 
solution were the same as that of the solid solution 
since interaction energies are strongly dependent on 
interatomic distances 


Though it appears difficult to obtain an experi- 
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mental measure of the strain energy against which to 


check theoretical calculations, the energy of dis- 


tortion probably plays an important part both in 
causing miscibility gaps in solid solutions and, as 


Hume-Rothery and Powell [36] have suggested, in 


PABLE I\ 


AH oF SOLUTION FOR SOLID AND FOR LIQUID 


\LLOYS AT xX ly 


atom 


AH. cal/gm. 


Solid state Liquid state 


12302 0! 


2600 ° 2200° 
1700°: 2300° 
1000 100° 
947 0”: 
3880 950° 
1940’ 2000° 
700 1200” 
0’ 280°: 
700” 300° 
6600": 7500 : 
6500' 3600- 
9000 9000 
12,000' 12,000 
5000 5000' 


1000° 


330” 


5000" 3200 


1930) 521 
physik 


Kawakami, Sci. Rep 
Calculated by Weibke, data of 
Chem., A164 (1933) 431 
\. Schneider and H. Schmid, Z 
638 
H. O 
197 
E. Birche 
1949) 428 
Calculated by Weibke, data of A. Olander, Z 
Chem., A163 (1933) 107 
Calculated by Weibke, data of C. Wagener 
hardt, Z. physik. Chem. A159 (1932) 241 
\. Wachter, J. Amer. Chem. Soc., 54 (1932 
Calculated by Weibke, data of A. Olander, ] 
Soc., 54 (1932) 3819 


Péhoku Univ., 19 
\. Olander, Z 


1942 


Elektrochem., 48 


Samson-Himmelstjerna, Z. Metallk., 28 (1936 


a(t. Trans. A.I.M.1 
physik 
and G 


1609 


\mer. Chem 


Chem., A169 


elhardt, Z 


1934 


physik 


260. 
Chem.., 


phy sik 
dG. E A159 


n. O. Kubaschewski and W. Seith, Z. Metallk., 30 
H. S. Strickler and H 
1936) 2084 
\. Olander, Z phy IK 
J. H. Hildebrand and J. 
1929) 462. 
Kawakami, Z 
H. E. Bent and J. H 
1927) 3011 
Hauftfe, Z. Elektrochem., 46 (1940) 348 
J. S. Pedder and S. Barratt, J. Chem. Soc 
F Korber and \\ Oelsen, Mitt 
Eisenforsch., 18 (1936) 109. 
W. Oelsen and W. Middel, zhid., 19 (1937 


1938 


Seltz, J. Amer. Chem. Soc., 58 


Chem., A168 
N. Sharma, ] 


1934) 274 
\mer. Chem. Sov 


1927) 345 
\mer. Chem. Soc. 49 


anorg. Chem., 167 


Hildebrand, ] 


1933) 537. 


Kaiser-Wilhelm 


Cu-A 
\o-Cd 
\u-Cd 
Bi-Pb 
Pb-TI(x7 0.8 
He-Na 
He-kK 
de Fe-Si 
tful accurac 
rile \s the res 
per mol © 92 
minus that for the liquid 
LOT 1¢ quid 
n. Wag era 
ra negative quantity 1932) 241 
contribution must be 
} } | 
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An 
this point of view is furnished by 
the 
nickel-gold, despite the fact that this system has a 
by 


a very large 


producing ordering. interesting verification of 


the finding of 


short-range order [37] in solid solutions o 


wide miscibility gap, and is characterized 
activity coefficients greater than unity, 
positive heat of solution, and a greater than ideal 
entropy of solution [38]. 

The course of the activity-atom fraction curves for 
Pt in both the Cu-Pt and Co-Pt alloys may perhaps 
Magnet 


that 


understood follows. 
Cu-Au 


conduction 


as 


be qualitatively 


measurements on alloys show the 


concentration of electrons is constant 


throughout the whole range of compositions [39], 
and the same situation should be true for the Me-Cd 
However, this is not the c: with the 
\u-Pt, Au-Pd, Cu-Pt, and Cu-Pd 


the 


alloys. ise 


svstems 
which concentration of conduction electrons 
varies from 1 electron/atom at pure Cu or Au to 


! electron atom, at pure Pd or Pt. As Cu is added to 


Pt, the free electron from the copper serves to fill 


the holes in the d-band of the platinum atoms, 
lowering the magnetic susceptibility of the system. 
It 


d-band of the platinum causes the binding between 


must be supposed that the saturation of the 
a Pt atom and its neighbors to be less tight than it 
be tor Pt 
This looser 


coefficient 


unsaturated electroni 


to 


would atoms ol 


spins. binding leads an activity 


for the platinum greater than unity 

When enough electrons have been added along with 
the copper to saturate all the d-band holes so that 
the added electrons can act as binding electrons, as 
shown by the susceptibility curve [40], the platinum 
lattice the activity 


he 


bound tighter to the and 


IS 
coefficient becomes less than unity. Same 
effect should operate in Co-Pt alloys. 

Electronic effects also may account for the similar 
Pb 
binding electrons per atom, Tl only one. 


added Pb, 


available tor the Pb atoms than would be 


two 


Il is 


has 
\s 


electrons 


activity curves of the TI-Pb svstem. 


to pure fewer binding 
the c: 
no electronic interaction between 
the 
such electrons 


Pb 


deviation from Raoult’s law, the weaker binding by 


were there 
there 


Tl 


ts positive 


two species, and by same token, ire 


relatively more for the atoms 


Consequently, the manifests, by 1 


which it is held. 
Conclusions 


The quasi-chemical theory of short-range order, 
although describing the thermodynamics very well 


for Cu-Au allovs, fails to do so for other ordering 
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Phe 


qualitatively 


irom 


the 


allovs. observed deviations 


be 


existence of 


can probable 


explained bi 
vibrational-entropy contribution to the 
the contr! 


entropy of solution and by strain-energ’ 


bution to the heat of solution, although the strain 
energy cannot yet be measured experimentally. Thess 
factors are neglected in the quasi-chemical theory, 
and it is difficult to understand the reasons for which 
the theory IS SO well obeved by copper-gold allovs. 
Che 
be 


interactions. 


anomalous activity-composition curves ma\ 


qualitatively explained in terms of electronic 


To the know ledge ot the writer, no thermod\ n imi 


measurements exist which prove unambiguously 
the existence or non-existence of two-phase equili 
brium regions ibout the ordered phases in ordering 
svstems. It is intended to investigate other ordering 
alloys to seek an answer to this problem, as well as 
regularities among the thermodynami 
The AC various 
systems will be measured in order to evaluate 


Che 


hydrogen in 


to look 1O1 


such systems 


parameters ol 
alloy 


the vibrational measurement of the 


ol 


entropy 
illovs is 


the 


heat solution ol various 


being considered as a means of studving ele 


interactions.” 
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SOME GEOMETRICAL RELATIONS IN DISLOCATED CRYSTALS* 


Whe: a sl ole cr\ stal deforms bi olide which 
lattice becomes curved. The constant feature of di 
the orthogonal trajectories ol the deformed cle pla 
lines. This leads to the conclusion that in polygo isa 
crystals the polygon walls are planes, while the glide planes ar 
are the involutes of a single curve. The analysis explains West 


crystals of corundum are straight lines. For double glide o 


complete analogy between the geometrical properties of 
‘‘slip-lines”’ in the mathematical theory of plasticity. More gener 


are derived connecting the density of dislocations with the lattice « 


ietwork of dislocations the ‘‘state of dislocation”’ of a region is show 


tensor, which has properties like those of a 


QUELQUES RELATIONS GEOME1 RIQUES DANS DES CRISTAI DISLOOI 


Quand un monocristal est déformé par glissement, qu est pas uniforme 


stique consta 


glissement sur un seul groupe de plans est, que les trajectoires orthogonales des 


surfaces de glissement, le réseau devient courbe 1 Caracter 


déformés (les axes-c dans les métaux hexagonaux) sont des droites. Ce 
dans les essais de polygonisation sur des monocristaux des méta 

sont planes, alors que les plans de glissement sont déformés « 

des développantes d'une seule courbe. L’analyse explique l’obsery 

des cristaux fléchis de corindon sont des droites. Pour le glissement 

aux de plans il vy a une analogie compléte entre les propriétés géon 
déformés et celles des lignes de glissement dans la théorie mathématique d 
généraux sont discutés et des formules joig! ant la densité des dislocatio 


sont déduites. Il est montré que pour un réseau de dislocations a trois 
if 5 


tion”’ d’une région est spec ifie par un tenseur de second rang, qui a « 


du tenseur de tension, a l'exception du fait, qu'il n'est pas symétriqu 


EINIGE GEOMETRISCHE BEZIEHUNGEN IN VERFORMTEN KRIS1 


Wenn Ejinkristalle durch Gleitung verformt werden, li leitung sich ole 
die Gleitebenen verte ilt, dann wird das Kristallgitter rb« : der immer 
Begleiterscheinungen der Verformung durch Gleitu im ll einer rig | 
dass die Orthogonaltrajektorien der verformten Gleitebe1 ogona Vie 
Graden sind. Daraus kann man schliessen, dass i \ I 
Einkristallei die Wande der Polvgone Ebene 
veriormt haben, deren Schnitte die Evolute 
Beobachtung von West, dass die c-A\c hsen 
Falle einer doppe Ite Gleitung aul zwei aul 
\nalogie zwischen den geometrischen Eige 
linien”’ in der mathematischen Theorie der 
Formeln abgeleitet, die di Dic hte der Versetzu vel 
gezeigt, dass in einem dreidimensionalen Netzwerk 
eines Bereiches als Tensor zweiter Ordnung dargest 
des Spannungs hnlich sind, der jedoch nicht 


If the distribution ot dislo 


} 


1. Introduction 
scribed arbitrarily, there would 


] 


Suppose that a single crystal deforms by slip on the curvatures of the g 


plal 
a single set of parallel planes in such a way that the distribution of dislocations, however, 


amount of slip is unevenly distributed over the slip scale distribution of internal stress 
planes. It may be asked: What possible geometrical example of this, if one calcul 
forms can the slip planes take? This is a question given point due to a uniform 


that arises, for example, when a single crystal wire dislocations one finds that the stress can 


of zinc is bent plastically to study the phenomenon infinity as the array becomes infinite 


| | 
cConsidel 


of polvgonisation [1]. We do not deal in this paper We show here from geometri 
pa] 


with the curvatures on an atomic scale but only it is possible to have non-uniform distribut 


with the average curvatures over distances large dislocations that do not 
compared with d, the dislocation spacing. of this sort. Such arrays correspond 
strain energy configurations. In them 
*Received November 7, 1952. stresses average out over dist 


+Bell Telephone Laboratories, Murray Hill, New Jersey, 
USA to d. This property « 
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follows: (A) It 


crystal in 


precisely as a path is constructed 


Frank [2] 


the 


through the sense ol 


trom successive lattice translation vectors, 


length / of any section of the path is equal to the 
The 
the path will of course be changed by the distortion. 


Che 


appreciate alter the analysis that follows from it has 


undistorted length, provided l>d. shape ol 


signific ince oft assumption (A is easier to 


been read. 
When real crystals are distorted plastically they 
do in fact contain large-scale distributions of residual 


strains, which contribute to the lattice curvature. 


However, the larger the amount of plastic deforma- 


tion the smaller, relatively speaking, will be this 


contribution to the curvature; moreover, when a 


distorted Cr\ stal is annealed the large-scale distri- 
butions of residual strains may be expected to disap- 


pear, while the lattice curvature will still remain. 


In this analysis we neglect entirely the curvature 


attributable to the large-scale distributions of 


strain. 


9 


In §$$2, 3, 4 we discuss single glide. This leads to 


the consideration of more general cases where 


multiple slip occurs, and then in §8 we turn to the 


most general problem: the curvatures of a crystal 


lattice produced by a three-dimensional network of 


dislocations. 


2. Single Glide: Two-Dimensional Case 


It tollows trom that in single 


issumption (A 


» the distance between any two successive glide 


measured along their orthogonal trajec- 


surlaces, 


tories, is the same at all points. Consider first a 


two-dimensional case (Figure 1). S; is the trace of a 


—_ 


cvlindrical glide surface, whose centre of curvature 


P is C. As P moves 


>, the evolute ot S 


loc us ol C is 


ilong the 
S, can be generated by unwrap- 


ping a taut string p> 


wound round and noting the 
locus of a given point P. Any other point Q on the 
and, since PQ is 


satishes the condition for being 


string will sweep out a curve Sz, 


fixed, So evidenth 
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another glide surface. (For the sake of rigour we 
should also remark that it may be shown that when 
PQ is a small element, S» is the on/y surface lying 
at a fixed distance PQ from S$; measured along the 
that the 


same result is true for PQ finite. Huygens’ construc- 


orthogonal trajectories. It then follows 


tion in optics is somewhat analogous.) The glide 


surfaces are thus the involutes of 3, 
called the the 


If the generating curve and its position in relation 


which might be 


generating curve tor deformation. 
to the cry stal are given, the deformation is com- 
pletely specified. (The sense of the generating curve 
must also be given. 

The that 


trajectories of the glide planes, which were straight 


construction shows the orthogonal 


lines before the deformation, are also straight lines 
afterwards. They all have the same crystallographic 
direction, the c-axis in hexagonal crystals, although 
they are not parallel. Now, if a crystal is heated and 


made to polygonise [1] after a distortion of this ty pe, 
it has been shown theoretically that the dislocation 
walls should form at right angles to the glide planes, 
for that is the position of lowest energy. Our con- 
struction shows that, apart from elastic strains, the 


traces of the walls will theoretically be strictly 


straight lines, even on a macroscopic scale. Thus, 


for example, when a hexagonal crystal is bent by 


basal glide so that the plane ol bending contains its 
c-axis and one of the basal elide directions, the glide 


planes will deform into cylinders with parallel 


generators and the polygon walls will be planes. 
We shall call this case plane bending. 
If the shape of any one glide surface, say .Sj, is 


given, successive glide surfaces can be constructed 


on each side of it by drawing the normals to .S; and 


connecting points at equal distances from S;. 


However, when a point is at the same distance, 


measured along the normal to .S,, from more than 
one point of S; the construction becomes ambiguous. 
Such points are associated with a cusp on the gene- 
Physically, 


is that flexural glide has become concentrated into a 


rating curve. what has happened here 


sharp kink. Figure 2 shows an instance of this. 
ABC is the generating curve with a cusp at B. In the 
area to the right of DBA the glide surfaces can be 
constructed by imagining a taut string to be un- 
wrapped from the branch BA. Each point on the 
string sweeps out a elide surface. In the area to the 


left of DBC the 
constructed by using the branch BC. There is thus 


glide surfaces can be similarly 
ity in the area within ABC. The ambiguity 


EF = Gd, 


where EF and GH are normals to the glide surfaces. 


an ambigu 


is resolved in the following wavy. Let 


— 
/ 
i RE 1. Single glide: 1 limens case. The glide 
ec re tec > 
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Let the glide surface through F, constructed with where 6} b|. Thus, on PC in Figure 1, m is in 
branch BC, meet the elide surface through H, versely proportional to the distance from C. We may 
constructed with the branch BA, at the point J. notice that if b— 0 and n — © in such a way that 

J will then mark a sharp corner on the glide surface nb is constant, the strain energy -—0O but the 
and the locus of J, shown by the broken line, will curvature remains unchanged. Our analysis can onl 
be a kink surface. It may be noted that the kink cover continuously varying distributions of disloca 

surface is not, in general, a plane. tions and for this reason it cannot predict the 
The torm of the glide surfaces in general repre- decrease of strain energy that accompanies pol 
sents a certain spatial distribution of edge disloca- gonisation. It may be noticed, however, that the 

tions of like sign. (Close pairs of dislocations of above distribution ensures that when the crystal 
polygonises the number of dislocations per un 

length is a constant in any given polygon wall 

It is a simple matter to calculate the curvature ol 

any other lattice plane in the zone parallel to the 

dislocation lines. In la, ABCD is a small 

element bounded by glide planes, AB and DC, and 

their normals. Let ¢@4, dz, denote the orientatio1 

of the lattice at A, B,.. measured anti-clockwis¢ 

from some fixed orientation. Then the curvature of 


the lattice plane AC, which makes an angle @ with 


FIGURE 2 The effect of a cusp in the generating cury AB. is 


Fl Xur il glide omes concentrated ntoa sharp 

opposite sign produce no curvature and so are 

irrelevant to the present analysis. It we look at the 

evolute construction in terms of dislocations we see 

that we have tound, effectively, the distribution of 

least strain energy for any given base distribution 

along a certain part of the surface le curvature iny lallice plane parallel 
As mentioned in §1, this approach avoids any ige di ul 1€s qual to ine component o 

difficulties with infinite stresses. that might be 

caused by having an infinite array of dislocations 

The method of construction automatically adjusts 

the stresses so that they do not accumulate, and 

when the density of dislocations necessary to achieve 

this becomes infinite (on the array naturally 


terminates. The evolute construction focusses atte1 


tion on the avoidance of stresses normal to the elide 


planes, but it will be seen that it is the avoidance ol 
other stresses that determines the curvature 
Let m be the number of excess dislo¢ ations of one 
sign per unit area and b their Burgers vector. Then at the same 


if we take a square Burgers circuit [2] of unit are 


orientation 
as shown in Figure 3, the closure failure is mb and, deformation. 
f the line wi 
graphic directiot 
We turn now 
~ 3. Special Case of Uniform Plane 
distocat same sig irea Is 
If plane bending takes pla iniforml 
bv hypothesis, there is no elastic stretching ol 
circuit. The curvature xo of the glide planes in 
region is therefore given by 


olide 

to pe distinguisner rol ry ture 

ribed o1 the rvst elore rl t10 

ingle 6 to AB. S } line « its 

the 

erent arts 

Bending 

| I 

rve ~ 

| k nb hex ronal met I ST ~ re Stl ont nes na the 
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clide planes ire the involutes of the circle. | sing the 


notation that 7 is the radius vector to any point P 
the neutral plane, x is the 


db), = 79 1S 
intersection of the glide planes with the 


int) throug P, and xo 1s the 


const 


x 


the glide planes with the 


of intersection of 


neutral plane, we have the relations, 


‘sin x sin xo = ad: p r COS x V 


The same results may be obtained by noting that, 


ifter bending, the length 7 of a fibre which was 
originally of length is given by 


On the other hand, the change in lattice orientation 


Lused by 


this extension is expressed by [3 


constant, as before. 


radial distribution of the excess dislocation 


is, from equation (1 


] 
r, more simph 


here / is component ol h parallel to 
neutral plane. 
The 


sufficient to turn the glide planes to a position at 


circle r a corresponds to a compression 


right angles to the fibres: it also corresponds to an 


high density of dislocations. If the rod is 


that the neutral plane remains 


infinitely 
‘nt in such a wa\ 


fixed within it, this imposes a limit to the curvature 


that can be applied. By using the fact that the 


the deformation it is eas\ 


volume is unchanged by 


1953 


VOL 
to show that, when the innermost fibre is of radius 


a, 


where 6 is the distance between the innermost fibre 
and the neutral plane before deformation. Using the 
relation a ry sin xo we find the minimum radii of 
curvature of the neutral plane and the innermost 


fibre respec tively 


26 sin x 
COs x 


In an actual experiment an attempt to bend a rod 
to a smaller radius than is given by these equations 
would result in an inward shift of the neutral plane 
relative to the rod. The bending would be accom- 
a combination of bending with 


plished, in fact, by 
the 


extension. Our formulae are independent of 
history of the bending and of whether or not it is 
combined with extension or compression. relers 


always to the fibre that at the end of the deformation 
is found to be unchanged in length; on it, x x 
Formula (3) shows that, for a given xy», we can make 


a as small as we like by simply choosing 6 small 
enough. 

It transverse straight lines at right angles to the 
neutral axis were ruled on the crystal before bending, 
Che calculation of their 
shape in polar coordinates is straightforward but 


The \ and 


Figure 10. 


they would become curved. 


tedious. result is given in Appendix 


4. Experimental Verification 


We have seen that in plane bending by basal glide 
in a hexagonal crvstal, the cr\ stallographi planes 


containing the c-axis and the axis of bending 


remain plane in spite of the bending. We mav note 


that this does not imply that the corresponding 


X-ray 


reflexions will be free from asterism, because 


successive reflecting planes are not parallel. How- 


ever, with a transparent crystal the extinction 


directions between crossed nicols can be used to 


show up the effect. This has been done by West t | 
with He 
found as an experimental fact, without explanation, 


single crvstals of corundum (trigonal). 


that, in crvstals bent round into a loop and a 


U-shape, “the c-axis through any point remains a 
straight line even to the boundaries of the rod.” 
He went on to deduce that the glide planes in the 
uniformly bent parts were the involutes of a circle, 


as we saw in the last section. It may be concluded 
these had 


glide. Double glide would in general give a 


that corundum crystals deformed by 


single 


a d 26 
ngle ol 
- 4 
: 
26 
COS x 
FIGURE 5 | form pla e bend Ol 1 rod | single 
glide. The glide planes are the involutes of a circle, and th 
elide plane normals, the “axes hex igo il crvst ils, are 
traioht 
sin x 
sin x 
Hence X sin x 
= 
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distribution of lattice rotation, will 


appear in the next sections. 


5. Double Orthogonal Glide: Two-Dimensional 
Case 

\Ve now generalise the problem of §2 by allowing 
further slip to take place on the set of planes at 
right angles to the first set. Both slip directions are 
taken to 
la, b 
dislocations running perpendicular to the plane of the 


be in the plane ot the diagram Figures 


and, as before, we only consider edge-type 


diagram. Rock salt is an example ol a cr\ stal that 


could detorm in this way. 


Let Figure ta now show a finite curvilinear 


quadrilateral bounded by slip-lines after slip has 


occurred on the first set of planes, AB, DC, but 
AD, BC. 


before it has occurred on the second set 


since ¢ Op and Or Pc, 


slip take place on the second set ot pl ines 
ib). This produces additional curvatures 


but it is easily proved that it will not affect 


curvature of AB (for instance, bv drawing a Burgers 


circuit after the manner of Figure 


since AB is not altered in length, dp, d 


tered by the second slip. Similarly, ¢, @ 


unaltered. Hence relation (4) continues to hold atte1 


the 


Rearranging the terms gives 


ond slit 


p- 


Qp 


We thus find that the lattice rotat 


1p-lines of one family where thev 


ot the other family 1s constant along their lengi 


Let AB and AD in | igure tb now be 
and ds’ 


infinitesimal 
The 


the slip-lines 


with lengths ds respectively. radii of 


curvature p and p’ respectively ol 


through A are given by 
pas 
From the geometry of the small quadrilateral, 
AB — DC 


AD (dp ds 


Therefore, if pp and pa are values of p at D and . 


\TI 


Cherefore, from equation 
p 


Hen e. 


along a line of 
Op 


along line oO 


moves aiong 


distance moved. 
COW ards the 


nside 


moves 
general, the radius of cury 
and the slip-lines 1 


We 


stance of this in the spe 


I 


tO zero 


together (Figure 6 


ne two vgeometrica ro 


clide lines expresst d 


Hencky’s first and second 1 


cal theory of plasticity 


dec Teases 


Curves 
eventuall 


he 


ilre Teh 


Phu 


re 


lollowed 


had 


the othe h ind 
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Still confinin 


il 
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( 
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in that direction. At the point considered, therefore, 


the dislocations are equivalent to a set on a single 


lane, but of course this plane will be different, in 
| 


general, for ever\ point of the crystal, according to 


the ratios of the 


7. General Three-Dimensional Case for Single 
Glide 


In three dimensions it may be shown by similai 


reasoning to that ot §2 that the curves orthogonal 


to the glide surfaces are necessarily straight lines, 


even tor the most veneral type ol distortion, pro- 


vided only that it takes place by olide on a single 


\n\ 


However, in 


set of planes. number ot glide directions may 


operate. this case, unlike the two- 


dimensional case, the lattice orientation is not fixed 


ilong the normal, for the lattice can and does, in 


general, twist about the normal. In two dimensions 


the centre of curvature of S; at P (Figure 1) was the 


same as the centre of curvature of So at QO and so on, 


namely C. Similarly in three dimensions, all the 


elide surfaces intersecting a given normal share the 


same two centres of curvature lying on their com- 


mon normal. As we follow a normal, therefore, both 


radii of curvature change by the distance travelled. 


| her 


whether we are 


respec tively according to 


increase or decrease 
receding from or approaching the 
corresponding centre of curvature. Moreover, the 
two principal curvature directions are preserved 


ilong i given normal The two surfaces described 


the two centres of curvature as the normal moves 


represent the three-dimensional analogues ot the 


evolute of two dimensions. 

For i set ol parallel like dislocations ol general 
type there 
B) between their direction and the curvature they 


are simple relations (proved in Appendix 


produce 


their glide planes. Figure 7 shows the 


thre € -dimet 
diagram. The 
gle betwee the 


1 1 
gie set ol planes: 


is the plane of the 


vature bisect the an 


relations between the various directions in a glide 


plane. The two principal directions of curvature in 
the glide plane are the internal and external bisec- 


tors of the angle, of magnitude 2a, between the 
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direction, OD, of the dislocation lines and OV, the 
normal to b. Thus, if the dislocations are pure edge, 
a = Q, and the directions of the principal curvatures 
Kk, and x2 are parallel and perpendicular to b; while 
if the dislocations screw, a 7/4, and 


are pure 


, and xs are at angles of z/4 to b. The magnitudes 
ot the curvatures are 


Ky Ho COS K 


where # is the number of dislocation lines per unit 


area 


normal to the lines. Hence 


Kj — Ko = nO, 


and is independent of a. We also have 


9 
ke & COS Za = 


where ’ is the number of lines per unit area taken 
normal to ON. 


8. General Three-Dimensional Case 


Finally we come to the most general case that 


falls within the scope of this type of treatment, a 
three-dimensional network of dislocations. As before, 
we consider a region of the crystal large enough for 
the effects of the dislocations within it to be aver 


ied. Alternatively, we may make the distribution 


ot dislocations continuous by letting }b approach 


zero and increasing the number of dislocations ot 
each kind in proportion, sO as to keep the curvatures 


constant (cf. §2). Our aim is to find the relation 


between the dislocations in the region and the 


curvatures of the lattice that they produce. 

Consider first the dislocations. They may be 
different 
(Bur- 
If a Burgers circuit of unit area normal 


(that is 


specified by taking Burgers circuits in 


orientations and noting the closure failures 
gers vectors 
to the unit vector / has a Burgers vector B 
to say, B completes the circuit when it is traversed 
in the sense of a right-handed screw motion along 


then it is shown in Appendix C that we may 
write 


5 B a 
The 
The 


ve ients a 


understood. 
The 


and 


convention is to be 
B, torm an 


relate the two vectors B 


summation 


components axial vector. 


and 
therefore form a second-rank tensor; it specifies the 


‘state of dislocation’’ of the region. 


To calculate the a;; components for a given set of 


dislocations the procedure would be as follows. 


Suppose there are dislocations with length parallel 


to the unit vector r and with Burgers vector b. 


Let there be m of these dislocations crossing unit 


area normal to r. The number crossing unit area 


normal to the unit vector | is mr-l. The associated 


Kz 
IN 
\ 
b 
\ 
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Burgers vector is b(ur-l). Hence, in suffix notation, 
B, = b.(nr 

and, from equation 
a nb 


If there are other sets of dislocations present with 
is obtained 
for all the 


implies that, so far as curvatures 


different values of 2, b and r, the total a 
by summing the values of nd, r sets. 

he form of a 
are concerned, dislocation can be 


any state ol 


produced by combining nine sets of dislocations 
with their lengths and their Burgers vectors arran 


ged parallel and perpendicular to the coordinate 


FIGURE 9 


The 


represent pure screw dislocations and the six cross- 


axes. three terms ol the leading diagonal 


terms represent the six possible types ol pure edge 


dislocations. Alternatively, by combining the three 


types of dislocation lines directed along each 


axis the general state can be regarded as prt <luced by 
three perpendicular sets of dislocations of general 
type. Such a representation would of course only 
be unique for a given set of axes. 

the 


We now have to specify the curvatures of 


lattice. Let dd; be the small lattice rotations about 


the three axes, in a right-handed SCTEW 


sense, 
he 


vector. If we 


associated with the displacement vector dx 


do, are the components of an axial 


now write 


6 d Ki; AX 


the coefficients K;; lorm a second-rank tensor which 


describes the curvature of the lattice. 
that the dislocation 


In Appendix D we show 


tensor a;; is related to the curvature tensor x;; by 


the equation 


‘ 


where 6 tor 
The reverse relation is 


Ss K 


The general property of a dislocation network, 


that the Burgers vector is conserved along any 
dislocation line and at a node, is associated with a 
corresponding theorem in the present formulation. 
Consider the small rectangular parallelepiped shown 


in Figure 9. The faces define six Burgers circuits, 


RYSTALS 


ind we specify that each to be taken in the 


dire tion assoc iated with the o itward norm il to the 


face. We now traverse all six in turn and show that 


the final result is that we have traversed a ci 


Chus 

OCDBO OBFAO 
GEA FG 
CDBFAEC 


area 

OAECO 

GFBDG GDCEG 
EKAFBDCI 0 

total the SIX ¢ 


Therefore the Burgers vector fo1 


cuits 1s zero. | quating the components to zero 


proceeding to the limit 
Oa 0a 


On Ox 
ind two similar equations 


Ja 


The veneral analysis of tl 


NSOTr @ 


formally the same as that f 


tensol ) 


with the one dift that a S 


( il Stress 


symmetrical; equations (9 inalogues of 
equations of equilibrium 

It is interesting to not 
between equations 7 


bod, 


isotropi 


stress and although, 

and not symmetr 
alues of A and Youne’s Modulus 
2, Rigidity \Iodulus Poisson’s 


nd Bulk Modulus 


sin 


the se 


tensors 


\ 


stituti 


| lations 


Of the twenty-seven possil 


by 


remalnil 


the equations given 


trivial. Of the 


to the symmetrv in Rk, onl | 


equations to 


Indepel 


dent there are nin independent ditterenti 


determine nine independent 
components 


By putting 7 Rk in equations (10 
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little reduction shows that we recover the ‘‘equili- 


brium equations” (9 


By analogy with the strain energy function in 


elasticity it useful to introduce, purely formally, 


the function 


a 


ition potential.”’ It is a function 


‘disloc 
> components of lattice curvature at any point 


its derivatives with respect to eacn 


component ol curvature each equal to the 


component ot the state ol dislocation. 


nding 
9. Discussion 


model described by [imo- 
shenko, il stress which 
N ibarr« illed 


continuous distribution ol 


dislocati this state of dislocation 1s different 


be seen by considering 

) SUppoOst 1} 
S Ol side ad. 
g sliding to take 


the 


( ubes 
unstrain- 


( ubes. 


VoIds 


not. 
al the centre 


limensions RF is of the 


here in eli ti constant ind 7 1S i. length of the 


order of atomic dimensions.* In the arravs of 


dislocations considered in this paper, where stresses 


taken as the mean 


do not accumulate, R may be 


spacing f the dislocations, say nN 


VOI 


where «x is the local curvature. The strain energy in 


a unit volume, therefore, which contains nm = x 6 


dislocations, is of the form 


This is proportional to 
m 


KGb In 5 = KGb In 
KO 


where m = b a constant that depends upon the 
details of the atomic arrangements on the dislocation 


\s h 


zero, as noted in §2. 


axis. »0 with « constant, the energy approaches 


The analvsis of this paper is closely related to 


Frank’s construction [8] for grain boundaries. In 
fact the Frank representation is essentially a surface 
distribution of dislocation density, or a, and, 
although we do not give this development here, the 


| I ink deducible 


ysis. Grain boundary 


formulation is from the present 
a Spec ial Case 


the 


Tays are 


of these more general distributions, and have 


characteristic in common that they represent 


state of minimum enerev and that the total energy 


is linear in the Burgers vector, or more precisely is 


il form noted above. The stability of 


the fact that the 


Irom 


11 


above reall" 


irgument ol ) ithm1 term 
depends on the closest ipproach ol the individual 


dislocations rather than on their average separation, 
given by n~?. Polygonized arrays preserve the mean 


dislocation density, as pointed out in §2, but they 


ichieve a smaller minimum separation and hence a 


smaller total energv than uniform distributions. 


Appendix A 


[he equations in polar coordinates of the tran 


verse lines on the uniformly bent crvstal referred 


to on p. 156 are, in terms of x as a parameter, 


sin xo cosec x 


sin 2x x oS 
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l 
K 
Then, by differentiating and using equations (7), ee 
au 1 1 0a 1 1 ls 
+ K ra K K 
a 
he | 
Oo! 
ron the one treated ma‘ 
the case of single glide (§2). ( ee 
of the crocess wo Ol the cone 
polygonized arrays arises — 
lhe struc ire 1S The Del 
nlace pal llel to one set otf taces onh 
flexural glide), the cubes themselves being OW Xo: 5 
he strain of the cubes necessary to fill the 
s ot ordet vhe s the me curvature ol tne 
] 
surtaces O1 \S >O with ld constant, 
this strain — 0. In Eshelbv’s model the strain di 3 
not app! zero as the cubes are made small and a | 4 
€ 
ali Ss essent ( I erned with i state intern 
stress. The difference between our models ts that we = 
( Si1ding ol the cupoes or otnel elementar’ 
pieces, as is actually produced in crystals by the S form of se lines aft 
movement ot a slow tions, while | she 
he energy of a single dislocation 
R 
\ 
Gb 
l am mucl debted to the referee for most of the sub- 
stance of the remainder of this discussio 6 = x — x + const. 


NYI 
The curves, which in general show a reversal of 
curvature, all have the same shape, different mem- 
bers corresponding to different values of the con- 
stant in the expression for 6. The curves for x» =7 /6, 
mr 4, r 3 are drawn in Figure 10. When 0 < xy 
x 4, 6 has a maximum on the compression side at 


When 


ro is a point of inflexion. When 


r=r,y tan xo and a minimum at r = fo. 


x0 = 4/4, 7 = 


r iS a maximum and 


xo, on the tension side, is a minimum. 


Appendix B* 
NOD 2a aS 


fixed and we calculate the curvatures of the glide 


In Figure 7 we regard the angle 


plane. Take a square Burgers circuit with sides ot 
unit length whose normal lies in the plane of the 
figure at an angle 8 to OD. The number of dislocation 
lines threading the circuit is ” cos 8. The closure 
failure is thus mb cos 6. The circuit makes an angle 
(2a — 8) with b; the the 


failure parallel to the circuit is mb cos 8 cos (2a B 


component ol closure 
therefore. This component is a maximum or mini- 


mum when 8 = a and (a + $m), that is, when the 
normal to the circuit bisects the angle NOD inter- 
nally and externally. These bisectors then are the 
two directions of principal curvature. Reference t 
Figure 3 shows that the curvatures themselves are 
the two corresponding values of nb cos 8 cos (2a 'e)} 


that is 


kK, = nb cosa and ks = — nb sina 


Appendix C* 


A proot ol equations (5) is as follows. Consider the 


‘trahedron shown in Figure 11. Let ABC be of unit 


FIGURE 
area and normal to /;. Let a Burgers circuit of unit 
area to Ox, 
components (@11, @21, @31). Then the circuit OBCO 
/,;). With a 


a Burgers vector (a 


normal have a Burgers vector with 


has a Burgers vector (@1 /1, @21 


similar notation OCAO has 
OA BO 
If we now traverse these three 
the other, the arms OA, OB, OC 


Geo fea, a ls) and has a Burgers vector 


(Q@13 G23 13, a 


circuits one after 


*See page 158. 


DISLOCATED 


RYSTALS 16] 


are each traversed twice, once in each direction, 


and therefore cancel; we are left with the circuit 


the sum of the 


ABCA, 


ABCA whose closure failure must be 
Thus, for 


circuits 


the 
B 
B 
B 


three fo separate 


or, briefly, 


Appendix D 


We o1ve here prool of equations (7). Suppose the 


K;, are given. Take a small square Burgers circuit of 


as shown in Figure 8. Th 


unit area normal to Ors 


closure failure B,; is C,C Chis may be regarded 


compounded ol separate elements corresponding 


the curvatures and twist as we traverse each 


of the circuit in turn; Figure 3 shows a special 


of this. Taking A as fixed, move alone 


which is parallel to Oxo, th ttice rota 


the three axes are trom equatiotr 


A » AK 


By visualising the movement 
ponents ol displac ement ol 


Che displ icements of C 


l 


Similarly, as we move 


closure 


The total 


difference between the 


thus 


But, from equations 


have 


a T a T a 
x a B,=a 
r= 
\ 
\ \ 
FIGURE 8 
953 
s the resulting con 
2s we move along BC, ar 
x3 | 
Alt ol ¢ ire 
fl 
and as we move ong spracements OF 
are 
0) 
displacements of C 
B + k33), B B 
th 1, 0, O) we 
B B b 
(see page 59 
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Therefore, 


and, in a similar wav, by 


and Ox; we obtain 


Thus, in general, the relation between the a 


describing the state of dislocation and the K 


describing the curvature is 


‘ ce A A 


where 6;; = 1+for 3 i, and 6;, = O for 7 
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SECONDARY RECRYSTALLIZATION TEXTURES AND THEIR ORIGIN IN 
COLD-ROLLED SINGLE CRYSTALS OF SILICON IRON* 


G. 


Single crystals in three different orientations were cold rolled 70 per ce innealed to 


produce both primary and secondary recrystallization structures. A detailed study of changes 


grain size and in orientation was made using metallographic, X-ray, and magnetic torque methods 
rhe orientations of a few early forming primaries were determined. It was concluded that relativel) 


a 
large primary grains in orientations deviating markedly from the primary recrysta text 
grow into secondary grains having specific preferred orientations and that the 
secondary recrystallization comes from grain boundary enet 


LES TEXTURES DE RECRISTALLISATION SECONDAIRE ET LEUR ORIGINE DANS 
DES MONOCRISTAUX DE FER-SILICIUM LAMINES A FROID 
Des monocristaux de trois orientations différentes, ont été laminés a froid 70 p 
recuits pour produire les structures de recristall ion primair t secondaire. Une 
des changements dans les dimensions des grains et l’orientation a été f au moyen des 1 
des méthodes du couple magnétique et métallographique. Les | 
primaires formés trés tot ont été déterminées. I] a été co 
grands et dont les orientations différentes assez bi | 
deviennent des grains secondaires avant des orie 
motrice pour la recristallisation secondaire provi 


SEKUNDARE REKRISTALLISATIONSTEXTUREN UND IHR URSPRI 
KALTVERFORMTEN SILICON-EISEN EINKRISTALLEN 


Drei Einkristalle mit verschiedener kristallographischer Orientierung wurden 70 proz 
formt und dann gegliiht um primiare 
detaillierte Untersuchun der Kor 


ng OSst 


gro 
metallographischen, réntgenographischer 


die sen ntersuch Ingen geschlosse dass 


graphischen Orientierung merkbar von der | 
dare Kristallite mit spezifischen, bevorzugte 
der Kriafte, die zur sekundiaren Rekristalli 

lic 


Introduction 


When suitably oriented single crvstals of silicon 
iron are cold rolled to a thickness of about one-fourth 
the original and are properly annealed, they exhibit 
the phenomenon called secondary recrystallization 
This behavior of silicon iron is the same as that ot 
aluminum reported many years ago by van Arkel 
and van Bruggen [1]. Silicon iron, like aluminum, 
in the early stages of annealing, undergoes primar 
recrystallization to a fine-grained structure with 
pronounced texture. Grains at this point 
“primaries.” Upon further annealing, which may 
be at a higher temperature, only minor changes 
occur in the fine-grained structure during an incuba 
tion or induction period for growth of a few grains 
see Fig. 1). These relatively few grains, called 5| h 
‘secondaries,’ rapidly al the expense ot the int lu 
primaries and often reach tremendous sizes relative — theori 
to them. The incubation and growth of secondaries mai 


as just described is called secondary recrystalliza- depe 
tion, and the pattern of the orientations obtained is stral 
called the secondary recrystallization texture. 

For rolled aluminum single crystals, Burgers and 


Basart [2] have followed the orientation changes 
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tension interactions of grain boundaries.* Since 


secondaries have preterred orientations, an adequate 
theorv of the origin of secondaries also must account 


for this feature of their nature. In this connection 


there are two current points of conjecture, (1 


oriented nucleation and (2) oriented growth, which 


have been well explained elsewhere [8; 4; 5; 6] and 
which will be partially discussed later in this paper. 
Through application of relatively 


and metallographic techniques, recent results ob- 


simple X-ray 


tained in this laboratory indicated the possibility 
of determining the mechanism of secondary recrys- 
lization in silicon iron specimens prepared from 


The 


have 


original single crvstal material. aims of the 


present investigation, therefore, been to 


determine (1) several secondary recrystallization 


and (2) the origin ot secondaries. 


textures 
Experimental Procedure 


Single crvstal sheet spec imens either 0.025 in. or 


0.050 in. thick and of several inches length were 


prepared in a number of different orientations from 


fine-grained original stock (high grade commercial 


silicon steel ol 3.20 per cent silicon by a controlled 


“Seed crystal’ reorientation technique 7 These 


single crystal specimens in a preliminary study were 


cold rolled different amounts and were annealed in a 


of wavs to obtain both primary and secon- 


recrvstallization. With the aid of magneti 


: specimens it was found that reductions 


thickness of about 70 per cent gave maximum 


he primary recrystallization texture. 
- the final investigation the single crvstals used 
0.050 in. the 


thick and ol 


|. Here the 


limited to 
clven in Table ibbreviations 


rABLE | 
SINGLI SPECIMENS 
OO] Up 

From R.D 


C.D. and R.D. refer respectively to cross-rolling and 


rolling directions. All crystals have a [110] direction 


essentially parallel to the direction C.D. The first 
three crystals, designated as spec imen 1, 


110 


are dupli- 
001] orientation. 


cations ota 


*The pt ssibility that stral energy also takes the form of 


darv energy in a sub-grain boundary structure is not 


sidered here e 14), for example 


VOL. 1, 31933 

The specimens in Table | were cold rolled uni- 
directionally in twenty to thirty passes on a labora- 
tory 8-inch diameter rolling mill until a reduction in 
thickness of 70 per cent occurred. Specimens | and 


2 widened 


5 per cent, whereas specimen 3, which 
differed also in requiring more passes through the 
mill, widened 7 per cent. 

Short 


500°C. to 


and long anneals were run in the range 


1100°C in order to follow the course of 


recrystallization over wide ranges of time and 


that secondaries 


1000°C and 


It was found also in agreement 


temperature. It was observed 


formed at moderate just below 
rapidly near 1100° 


with the phenomenon of secondary recrystallization 


rates 


that the induction period decreased and the number 


of secondaries increased with rising temperature 


On the other hand, primary recrystallization occur- 


red slowly below 600°C and_ fairly 


700°C. 


rapidly near 


Results 


Secondary Recrystallization Textures 


Secondaries were produced by annealing speci- 


mens a suitable length of time at 980°C. Transmis- 


sion Laue photographs were obtained and used to 
given 


determine individual orientations. These are 


FIGURE 2. 


tions of 


Stereographic pre 
twelve 
Original orientation, 


giving the orienta 

black ind white 
cold-rolled orientatio1 
and average orientation of primaries are shown by position of 


squares, and cr« 


yyecth 


secondaries show! by 


circles. average 


triangles, ypsses, re spectively 
by the position of cube poles in the accompany ing 
stereographic projections. 

The orientation of secondaries and their relation- 
ship with cold rolled and primary recrystallization 
textures will be treated in the order of increasing 


Viel) 
a 
Cal 
were 
orient 
NTATIONS OF ORIG & a 
Der 
Specime 110) Fi 
L(t 
] 1 
9 13 —¥ 
25 


DUNN: SECONDARY RI 
complexity. First to consider is specimen 3. Referring 
to Figure yt the black and white circles give the 
12 


betore 


orientations of secondaries: give the 
Table | 

triangles give the average orientation of the cold- 
rolled (111) «112 
crosses give the average orientation of the primary 
(110) orienta- 


onsidering all changes, there is a 10° rotation 


squares 


orientation rolling (see also 


structure—a orientation—and 


recrystallization 


structure—a 
tion. 
about C.D. due to cold rolling, a 35° 
primary recrystallization, and still other rotations 
due 


rotation also 
about ¢ but in the opposite direction due to 


to the 
cold-rolled 


different 


secondary recrvstallization. Clearly 


primary texture is different from the 


texture. The secondary texture is from 
both the cold-rolled and the primary textures and 
consists of two similar preferred orientations. It is, 
B-orienta 


if we call these B-orientations, a doublet 


tion texture. 
Only slightly more complicated are the results for 


P1IVeS 


R.D. 
— 


specimen 2. Figure 3 the orientation of 7 


FIGURI 
ol specime! 
orientation, 


position ol 


secondaries and also, as in | igure 2? the other main 
formation of 


cold 


but the changes due to primary and 


orientations present prior to the 


secondaries. The change in orientation due to 
rolling is 22° 


secondary are much the same as 


recrystallization 
those for specimen 3. There is a doublet B-orientation 
component present and two other orientations, 6 and 
7, which add complexity to the texture. 


*This is the preferred orientation of present commercial 


cold-rolled silicon steel produced by rolling and 
polycrystalline material. Dunn has reported, however, 
occurs by secondary recrystallization [8]. 


annealing 
that it 


CRYS1 


ALLIZATION TEXTI 


RES 


rhe results for specimen 1, however, are complica 


ted to say the least. 


The orientations of 


daries comprise several preferred orientations \ 


be 


igure 


can three 


ol 


considered best In 


the orientations 


gives 


sep irate 


ond il 


which, except for three scattered orientations, 


into two preferred orientations, 


tion component ol the te’ 


xture 


4R.0 


fe 


ipproxim OO 


oriented 


ttmann 


110 


ition, prin 


OO] 


component 
ilso is on 
direction and 
thout chan 
Harker 
where 


| he 


ibove. 


report in 


reduction in tl 


the 
ondaries W ith 


therefore, have orient 


Irom both the cold rolled onrent 


orientation ol the primaries Figure 


secondaries with B-orientation 


viously for specimens 2 and 3 


lent orientations are present here, we 


i quadruplet B-orient ition 


texture. From similarity 


Since all 


i doublet 


Phis 


orient 


des rl 
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mens 2 and 3, a quadruplet B-orientation component 


could be expected to arise from a doublet (111 


R.0 


mie 1. B-orientation com 


112). cold-rolled orientation.* Finally, Figure 6 
remaining eleven 
doublet C- 
tation component of the texture—a (111) (110 


both the cold-rolled 


ives the orientations of the 


condaries. These may be called a 


which differs trom 


aR.0 


rientation and the average orientation of the 


primaries. Except for a few unclassified orientations, 
he secondary recrystallization texture of specimen 


therefore, consists of essentially three preferred 


and the primary recr} 
nd 3 are being obtained < le nt the 
ind are eing obtained to suppleme! tne 


Results will be published later. 


figure data for the cold-rolled structures 
stallization structures of specimens 1, 2 


present work 
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VOL 


orientations designated as A-, B-, and C-orientations. 


Comparison of the orientation relationships in 
specimens 1, 2, and 3 shows one important common 
feature: the orientation of every secondary deviates 
both from the average primary orientation and the 


average cold-rolled orientation, a result in agree- 


ment with published data for other metals. Although 
all three specimens of different original orientations 


tend to become alike in (a) the cold-rolled orientation, 


(6) the primary texture, and (c) the secondary 


texture, they do display marked differences. Treat- 
ment of these differences, however, is bevond the 


scope of the present paper. 


Origin of Secondaries 


At the point when secondaries appear among 


primaries, it is not possible to determine precisely 
whether such secondaries are a select set of primar- 


ies, which have grown at the expense of other 


primaries, or whether they have originated in some 


other way that depends essentially on strained 


lattice regions, which are either residues of the cold- 


rolled structure or strained primaries. Knowledge 


of the structures existing prior to the appearance of 


secondaries, however, might permit one to decide 


between the possibilities. According to the above 


results on secondary recrvystallization textures, a 


select set of primaries capable of growing into 


secondaries must have deviating orientations refer- 


red, ot course, to the average orientation of the 


primary structure. If such primaries are found, two 


other conditions still must be met if they are to 


become secondaries: (1) they must be appreciably 


larger than the average primary (as will be discussed 


later), unless neighbouring grains have higher energy 


due to some torm of strain; and 2 regardless ol 


strain differences, they must have among them the 


orientations observed for secondaries 
In a test ol the possibility that secondaries are 
certain primaries, which have grown at the expense 


of other primaries, three types ol data covering 


early stages of both primary and secondary recrvs- 


were obtained. These are: (1) micro- 


structures, (2 


tallization 
magnetic torque tests of disk speci- 


mens, and (3) transmission Laue photographs. 
Figure 7 gives two series of micrographs of speci- 
men | for various times at 980°C within the induction 
period for formation ol secondaries; time intervals 
were 25 sec., 20 min., and | hr. One series shows 


the microstructure disclosed by a + sec. etch, the 


other that by a 30 sec. etch. Clearly a heavy etch is 
required to bring out most of the grain structure, 


which appears polygonized (the structure did not 
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arise, however, by a polygonization process). This D-primary referred to in Figure 7)’. Othe r examples 
etching behavior is an indication in itself that most with as many as 18 neighbours were seen in the 
of the primaries have nearly the same orientation. microstructure. 
(As a matter of fact, this nature of the microstruc- \lthough it would appear from these data 
ture was expected from prior information on the there are many D-primaries large enough to 
sharpness of the texture obtained from magnetic the data actually fail to show anv increase in 
tests on disk specimens. These data will be given maximum size due to annealing. On the other hand, 
later.) The primaries that appear early in the a reasonable distribution of sizes among D-primaries 
microstructure during the etching treatment clearly would include few of the largest and most likely to 
have deviating orientations, hereafter called D-pri- grow primaries; so the probability of observing one 
maries. The others, which comprise most of the of these would be small 
structure, will be called M-primaries. \nother method of studying structure changes, 
A study of a number of samples showed that although less direct in nature, involves the measure 
D-primaries decrease in number during the induc- ment of magneti properties which vary with 
tion period of secondaries in the manner shown in crystal orientation. For example, the sharpness of 
TABLE II strong (110) [001] texture can be obtained from 
; torque data, i.e., measurements on the torqu 
NUMBER OF OBSERVED PRIMARIES OF DEVIATING ORIENTATION 
(D-PRIMARIES) FOR SAMPLES OF SPECIMEN 1 ANNEALED FOR 
Various TIMEs AT 980°C 


required to hold a magnetically saturated disk 
specimen in various angular positions in a magnetiz- 
ing field [11]. Results may be plotted as 


20 min 60 min curve with peak values for certain angular positions 


; ; of the specimen. The important feature for tl 
Secondaries present 7 


14 
25 
Table II where a grain count for lightly etche 


samples is tabulated (see also Fig. 7 


TORQUE 


Although these data point to the removal of 
D-primaries, they also show that large numbers of 


them persist up to the end of the induction period. 


PABLE III 


LINEAR SIZE OF D-PRIMARIES IN SPECIMEN 1 AFTEI ( 2c C 
ANNEALING AT 980°C ANNEALING TIME IN MINUTES 


(Values are in microns 
t te m pe rature 
25 sec. 75. 85, 95, 140. 95. 100. 140. 120. 85. 90 


20 min 100, 90, 130, 105, 110, 130, 140 


60 min 115, 120 kK. | us, the torque 


110) pl 


Table III, illustrating this point further, gives som« 
rough linear measurements on the larger ones 
observed in the microstructure. 

The sizes of M-primaries were not measured but _ texture is strong 
a simple comparison of those shown in the micro- for specimen and single cryst 
structure with the large D-primary appearing in the present work this simple comp 
lower right-hand corner of Figure 7)’, a primary of the torque peak of the sam] 
110u length, indicates that the average size is AK la L110 singl cor 
appreciably smaller than the D-primaries listed in igure 8 gives torque d 
Table III. Another way to compare sizes is to count mens 1, 2, and 3 anneal 
the number of M-primaries bordering one D-primary. time at 980°C. Since 


There are 11 or 12 M-primaries adjacent to the specimen 1 and least 
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definite effect of original orientation on the sharpness 
110 


recrystallization. From what has been said previously 


of the O01] texture developed by primary 


about torque da single crystals the rise in 


torque values ear in the induction period of 


secondaries indicates the absorption of D-primaries 
110) [O01] in 


and, as expected, the drop in torque values later 


primaries deviating from this case 


‘ralds the visible start of secondaries. In view of 


Figure 8 also shows a marked effect of original 


this, 
orientation on the kinetics ol erowth except speci- 


men 2, 


which behaved nearly the same as specimen 
1). Secondaries began torming almost immediately, 

ter recrvstallization in specimen 3; whereas they 
did not generally appear in specimen | until 20 to 
60 min. later. Furthermore, the number of second- 
iries per unit area were much greater in specimen 3 
\ reason tor this behavior will 


X-ray} 


structural changes has been discussed. 


in specimen 1. 


be given later after some information on 


The Laue photographs of Figures 1b and Il 
represent the 1 min. and 11 min. points of Figure 8 
lor spec imen | where the relati 
0.90 and 0.97. respectively. 
highly 


Comparison of these 


ve torque peaks are 


Chey are. therefore, 


pictures ol oriented crystalline 


aggregates. 
photographs shows that the 
number of isolated scattered Laue spots, which fall 


is considerably less in Figure 1¢ 


Nn the cle rer areas, 
1b. This difference mav be explained 


interpretation of torque and 


‘data as the removal of D-primaries. 


asin umount of texture such Lau 


ditferences. Figure 9a 


obser\ ible 


PHOTO! iphs Snow 


hotograph of a disk sample of specimen 

had a 

gives the same point 
was 0.63. A 


oOmparison ol these photographs, together Ww ith those 


| min. at 980% 


torque test ol igure YO 


for specimen 3 where the torque test 


nd lc, shows that there are relatively 


igures 
ger individual Laue spots in Figure 9) than in the 
rger primaries in specimen 3 


and 2. Microstructure data 


here are a number of relatively 


in Figure 10 which shows a 
specimen 3 after a 25 sec. 


micrograph of s] anneal at 


hese structure differences between speci- 
mens | and 3, therefore, are probably sufficient to 


iccount for their behavior differences, if erowth ol 


large D-primaries results in secondaries. 
Direct 


sought with the aid of the above Laue technique and 


proot of growth of large D-primaries was 


a template arrangement tor holding the position ol 


sample constant. With this method changes within 


i, 


1953 
a specific small volume of a sample occurring as a 


result of annealing could be followed. Figure 11 
shows Laue photographs of this type lor a series of 
980°C anneals given specimen 1. The first anneal only 


The 


representing 25 sec. at 980°C, left a small residue of 


partially recrystallized the sample. second, 


cold-worked structure. The last two anneals pro- 


duced a sharpening of the texture as discussed 


before. No appreciable enlargement of Laue spots, 
would indicate growth of a primary 


however, that 


were found upon superposing photographs and 
comparing corresponding Laue spots. Although the 
method was tried on a large number of areas of both 
specimens | and 3, the evidence obtained for growth 
was considered too weak to be cited as proof. On the 
other hand, this method did indicate that D-primar- 
ies were the first to form during primary recrystalli- 
This 


[D-primaries are large upon completion of primary 


zation. may not be surprising since many 


recrvstallization. Rathenau and Custers in. their 


work on nickel-iron [12] state that primaries 


recrystallizing last are large (no proof of this, 


however, was given 


Finally, an attempt was made to determine 


whether large primaries with the correct orientation 
For 


for secondaries could be found in specimen 1. 


this purpose one sample was completely recrystal- 


») 


lized by a 2 min. anneal at 980°C while another was 


only partially recrystallized by a 10 min. anneal at 
620°C. The lar latter 


85u. An X-ray 


individual primaries in these samples after they were 


gest size of primaries in the 


were 5o to ittempt Was made to 
reduced to a thickness of 2 mils, but suitable trans- 


mission Laue patterns for analysis were obtained 
only in the partially recrystallized sample.* Exposure 
a 5-mil X-ray 24 hr. 


Figure 12 gives the orientations of four primaries 


times, using beam, were 20 to 


obtained in this way. Comparison with the orienta- 


tions of secondaries ol spec imen 1 shows that they 


have the A-orientation of Figure 4. These first forming 


primaries, therefore, have the correct orientation to 


become A-oriented secondaries. The data, however, 


are insufficient to conclude anything about other 


such as: (a) whether first forming 


the 


pe yssibilities 


primaries also have B-orientations and the 


C-orientations described prey iously for se ondaries; 


or b) whether some have the orientation of M- 


primaries. Obviously, more data are needed on this 


aspect ol primary recrystallization. Nevertheless, it 


said from the data that there is a low 


*In the partially recrystallized sample, the primaries were far 
ipart and easy to X-ray singly 
irecrystallized material created no problem in 


Simultaneous diffraction from 
the da lalvsis. 


lL, 

Vith 

) } ++ 

4. WhiICn, el 

than in specmens 

can be 
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probability for random orientations among first — tallization. (For example, suppose that specimen 3 
forming primaries. (For example, a selection of with only B-oriented secondaries had some A-oriented 
three grains from a set of random orientations with primaries following primary recrystallization, bu 
their orientations within a spread of 15° would have _ these either were too small to grow or were consumed 
a probability of only one in one hundred thousand. by growth of B-oriented secondaries with shorter 
This is of interest because one requirement of the induction periods Che result would be no A-oriented 
4R.0 secondaries. 
he structure and texture produced 

recrystallization often can be 

different annealing tempet1 

QSO°PC produces i high per 

the (110) [001] orientation 

first at lower temperature might result 

through relatively more growth ol 

[D-primaries in general incubate 

980°C, they should do the same at low 

In order to test this dea, six disk 

prepared from specimen 1, and three ol 

given pre-anneals at low temperatures. (Disks D5 and 

[16 were from one original crystal and D1, D2, D: 


ind D4 trom another.) Disk D6 was annealed 35 hi 
it 600°C, and disks D3 and D4 were annealed 64 hi 
it 550° \ccording to X-ray da 
tallization was complete in D6 and 

D3 and D4. These disks 
oriented growth theory [3] is the presence of essent untreated ones‘ D1. D2. 


FIGURE 12 


ially randomly oriented primaries (which are capable — cerjes of anneals at 980 


gure 13 shows thc 


of growing) in an otherwise highly oriented primary 
structure. disks D5 and D6. Cl 
According to the foregoing results one may se it 600°C, has conside 


forth the toliowing conception for the formation ne at 980°C th 


secondaries :* 


When primary recryvst 
ned structure with 

nm one pre erred or 
primaries D-primarie 


ONS IN SUCH A WAY Thal 


TORQUE 


(LY appreciably gel liamete) han he 


hy af tor th; the large D- 


grow into secondaries. One way tor D)-primari 


become relatively large is for them to incubate fi 
in primary recrystallization and to grow fast 
to stay larger than later forming primaries. Anothe 


way for D-primaries to become large is for them 


incubate early but not necessarily first and to disks. however. have tl 110) [00] 
grow more rapidly than other primaries during the jncreases with anne 

removal of the cold-worked structure. Either or form number of sect 

both of these two mechanisms could provide i 16 was consider 

distribution of grain sizes among the various kinds observed previoush 

of primaries produced by recrystallization. The only at 980% 

number and sizes of primaries in each preterred Figure 14 shows tl 


orientation would depend on the manner of recrys Again the disks that were pre-anne 


*For theoretical discussions along these line 5:8 temperature have less (110) (OO1] texture 
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FIGURE 14. Variati of torque with nealing 
time at 980°C for disk samples of specimen 1 and the effect 
low temperature. Disks D3 and D4 were 
550°C for 64 hr.; disks D1 and D2 were not 


tests 


of pre-annealing at 
nealed at 
nealed. 


pre- 
pre a 


pre-al 


and D2 behaved in the usual way upon annealing, 
but disks D3 and D4, although much like D6, gave 
formation of secondaries after 
980°C. Disk D3 after 


temperature was set aside while the annealing of D4 


no evidence for the 


long anneals at 16 min. at 
was continued for a total time of 21 hr. As shown in 
the plot there was a gradual rise in torque peak. 

Light etching of disks D3 and D4 indicated that 
normal grain growth occurred. Figure 15 illustrates 
the microstructures developed in samples of speci- 
men | pre-annealed at 550°C and then annealed at 
980°C. A comparison of the recrystallized structure 
here (Fig that 
980°C Fi: 


formerly for 
550°C 


shown 
that 


Lda with 


7a dis« loses pre-an- 
with a 


\I- 


for increasing 


nealing does not produce isolated erains 


between and 
158, and 


lengths of time at 980°C indicate 


clear distinction D-primaries 


primaries. Figures 
. gradual coarsen- 
ing of the structure which is typical of normal grain 
srowth. 

at low temperature did change to 
he 
110 


curve 


Pre-anne iling 


small degree the kind of texture obtained. 


texture ol disk 16 ( ould be dese ribed best as 


ilthough the shape ol the 


torque 
ariation. On the other hand, the 
texture of disks D3 
and D2 indicated 


1On aS an axXIs. 


and D4, relative to that of D1 
i small lateral tilt about the rolling 


direct \n increase in the percent ol 


D-primaries probably could produce this effect. 


he reduction in torque peaks, however, is due te 


more or larger D-primaries. Annealing at low 


temperatures, therefore, lowered the main compo- 


110 


cent of material in deviating orientation. 


orientation, 001], and increased the per 


Further 
annealing probably involved growth of D-primaries 
at the expense of M-primaries and conversely in 
such a way tat no single D-primary had a sufficient 
advantage to grow exceptionally large. 

The gradual transition between 


less 


more or 
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secondary recrystallization and normal grain growth, 
as illustrated by the results for disk specimens D1, 
D6, and D4 is, in the writer’s opinion, evidence that 
the main driving force is that of grain boundary 
energy. If this is true, then the marked differences in 
kinetics among the samples investigated are due to 


differences in microstructure and texture. 
Discussion of Results 


If grain boundary energy per unit volume provides 
most of the driving force for secondary recrystalliza- 
tion, then, following Harker and Parker [13], one 
should consider grain shapes and boundary curva- 
tures to understand why certain primaries tend to 
eTOW. Under conditions of strong single orientation 
texture it is also necessary to include the feature that 
grain boundary energy is far from constant and, in 
fact, depends markedly on the amount of difference 
in orientation. Under these conditions, equilibrium 
may vary appreciably from that of boundaries 
120° 


Figures 16a, 165, and 16c show idealized situations 


meeting at angles. 


in two dimensions where a grain is surrounded by 
others of uniform size and where the grain boundary 
energy per unit area, expressed as a ratio between 


the grain and its neighbours, is 1, approximately 2, 


and approximately 3, respectively. The equilibrium 


either 
L50 


or 160°, respectively. If a grain has fewer sides than 


grain shape takes the form of a polygon of 


6, 12, or 18 sides with polygon angles of 120 
the equilibrium number, it will tend to become 
smaller under the action of grain boundary surface 
tension forces. On the other hand, if a grain has more 
sides than the equilibrium number, it will grow. 

lo apply the above ideas to the present work one 
must have some value of the relative grain boundarv 
energy. A rough value of 2 may be assumed from the 
fact that large D-primaries with twelve to eighteen 
neighbours were observed in a near state of equili- 
brium (neither growing larger nor becoming smaller 
in the microstructure of specimen 1. (Rathenau and 
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Bass [14] and also Burke and Turnbull [5] have 
used a figure of 2 in considerations of growth 
phenomena.) 

For the growth process to be recognizable as one o! 
secondary recrystallization, however, there must be 
a period of essentially zero rate of growth during the 
The 


process can be given by analytical expressions [5 


initial stages of annealing. kinetics of the 
that are roughly equivalent in part to the above 
geometrical treatment. 

To simplify the problem, we shall assume that the 
boundary energy of neighbouring M-primaries has 
one value y; (this is smaller the sharper the texture 
and the boundary energy between a D-primary and 
an M-primary has another and fixed larger value y, 
which remains constant regardless of the sharpness 
of the texture. We shall also assume that only one 
primary grows while all surrounding primaries 
remain constant in size except, of course, those being 
absorbed. 

Let d be the diameter of the growing primary, and 
d, the fixed diameter of M-primaries. Equation (1 
to a good approximation, then gives the driving 
force or available energy per unit volume, £/V, for 


growth of the primary. 
d 


where Rk is a constant. Let us consider first the 
of a primary in deviating orientation with y, 


We have 


where x = d/d, is the relative size of primaries. This 


equation shows an increase in the driving force with 
im reasing Since the driving force is pe sitive onl 
for values of x greater than 2, growth will not occu 


unless the primary has twice the diameter of its 


On the 


growth of one of the M-primaries, y; 


neighbours. other hand, if we considet 


W ill replace 
actually is 


in Equation (1). However, since 4 


this 


as betore. In 
Sin 


:v having the same meaning 


case, growth will occur if x is greater than 1. 
the factor ky» 2d, is the same in Equations 2) and 


(3), we can omit it in obtaining curves showing the 
dependence of driving force on values of x (see 
Fig. 17 


According to the curves, the driving force fo1 


growth of a D-primary is negative as it should be 


) 


for values of x less than 2, which means, of course, 


that such a primary will be absorbed. For values of 


CRYSTAI 


at 


although 


IZATION 


DEVIATING PRIMARY 
/ 


Sm ADDO 


DRIVING FORCE 


“x greater than 2, the driving force 


IS positi 
this occurs, the D-primary can grow, unless i1 
partic les are present.” There is, therefore, a 


size’ for growth of D-primaries and this criti 


size, in the present simplified treatment, 


COTTeS 


ponds tO x equal tie 2. 3 urthermore, for values of 


slightly greater than 2, the driving force will be 


small compared to that for much larger values of 


and the 1 ite Ol erowth W ill ( orrespondingl 


either small or large. Consequently, if the | 


[D-primaries on completion of primary recryst 


tion have x-values close to and slightly greater 
2, there will be a period of slow growth that « 


induction period fot 


interpreted as an 
On the 


OTOWTI 
secondaries 5). othe hand, ther 
large M-primaries 


there shi 


corresponding growth of 
in non-deviating orient it 1S 
ccording to Figure 17 if rl ng lorce 
factor of importance 

It is an experimen 
orientation 


the Sane 


is not one 


Ol 


[-primaries) wi 


above 


row, slowly at fi 


driving force approa 
Phe 


ditterences leads LO wtl 


dependen e ol 


For example, D-primaries are more fa 


1 


than M-primaries in 


] 
es ot specim 


Growth is 


M-pri 
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primaries absorb all M-primaries including those 
that have grown a small amount. In these samples 
that the 


erowth selectivity, therefore, determines 


final texture will be one of preterred orientations 
mong secondaries and not one of a single preferred 

110) [001] 
from growth of 


he 


however, is not an 


orientation—a texture—which could 


have resulted M-primaries in a 


normal way. above consideration of growth 


selectivity, argument. that 


erowth selectivity by itself determines the secondary 
recrystallization texture. 


In the first place, there are too many differences 


umong the textures of specimens I, 2, and 


ivalent possible preterred orientations 


3 and too 


\-orientation, B-orientation, and C-orienta- 


tion type to indicate that the preferred orientations 


irose by growth of relatively large D-primaries in 


random orientation but with vastly different growth 
‘ates determined by ‘ientation relationships with 


the average primary orientation. For example, the 
primary textures of specimens 1, 2, and 3 were the 


same only specimen |] 
\lso, 


\-orientation was obtained with one 
the [00] 


except for sharpness, but 


pre duced three ditferent kinds of secondaries. 


doublet 


common wi direction of the 


pt 


texture, eql ilent orientations crvstallo- 


eraphicalh 


would require the presence of two other 


doublets with one cube pole common with [010] or 


100] and the orientations rotated 


approximately 


lary texture. Howe ver, the last four 


is @qul\ ilent ne of the 


ition 


nnot have oriented 


second ] ice, Wwe ¢ 


} ] 
erowth without orien ucleation for both primary 


lization. Let us assume that 


| secondary recrvst 
nted growth determines the primary recrystal- 


We require 


nuclei; so only the fr 


random orientations 
iction of 
in orientations changes. with 
texture 


L ¢ hang in 


This leads to 

with preferred orientations of primaries. The pri- 
itions from the preferred 

in size because of lower growth 
sufficiently 


None ot therefore, will be 


to grow, and secondary recrystallization will 


not occur—unless, of course, strain among primaries 
becomes an important factor. On the other hand, if 
important factor in pri- 


oriented nucleation is an 


mary recrvstallization, we can readily account for 
the presence of large primaries in deviating orienta- 


This 


growth then suffices to determine both the secondary 


tion. is all that is required because selective 


structure and the secondary texture. 
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Evidence supporting the idea of oriented nuclea- 
tion in primary recrystallization of silicon iron has 
been published. For example, it was reported some 


vears ago by the writer [15] that primary recrvys- 


tallization ol single crystals ol silicon iron alter 


) 


cold-rolling reduction of 2 to 20 per cent produced 


sharp preferred crystal orientations, but not in all 


equivalent positions. \lso, the prelerred orientations 

were so strong that no possible selection of a random 

orientation set could be made from amone them. 
In closing the discussion, a few remarks should be 


made regarding the theory that secondaries have 


their origin in a non-uniformly strained matrix ot 


primaries. The conceptions of Rathenau and Custers 


12] and of Tiedema |16], who envisage a straining ot 


early forming primaries through release of unbal- 
inced stresses with only the last forming primaries 
free of strain, seems reasonable. Strain tree prim irles 
at the expense ol strained ones, like pri 


Can 


mary recrvstallization in critically strained 


poly- 
crystalline material. Decker and Harker |10] propose 
much the same theory tor secondary recrystallization 
in commercial silicon steel, except their conception of 
the origin of strain differences among primaries is 
the ones 


OO] 


the first forming primaries are 
110 


ditterent 


most strain free and these have the 


orientation. 
In the 


forming primaries were observed to persist without 


present investigation, however, early 


ibsorption over long periods of time betore 


ippearance Ol secondaries. To account for the 

ol absorption, it seems necessary to conclude that 
the strain of such primaries must have been small 
ind, therefore, insufficient to produce 


prob ibh 


secondary recrystallization by means strain 
differences. Supporting this view is the behavior of 
samples pre-annealed at 550°C: these s unples iled 
to undergo Set ondar\ recry stalliz ition but did h ive 
a considerable increase in grain size due 


grain growth. Although the low temperature treat 
ment lowered the primary recrystallization texture, 
the texture was still strong enough for secondary 
recrystallization to occur. (Compare Figures 8 and 
14 and note that the texture of disk D4, which devel- 
oped no secondaries, is considerably higher than the 
texture ol specimen a whi h developed Se¢ ondaries. 
agreed that erain 


Furthermore, it is generally 


boundary energy provides the driving force for 
normal grain growth. Therefore, strain differences 
among primaries is not required for an explanation 
of the behavior of samples recrystallized at low 
temperature and annealed further at high tempera- 
that 


differences, but rather that strain differences play 


ture. This is not to say there are no strain 


the 
cube 
) ] - wt +* 
B-orientatio ind pe were not 
opserved 
[n the 
7 Text 
pl Wal 
teri n certa 
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only a minor role. There is also disagreement with 
the Decker-Harker theory regarding orientation 
relationships because primaries in the (110) [001 


orientation, in the present work, did not becom 


secondaries; they were the primaries which disap- 


peared through growth of secondaries. On the other 
hand, the Decker-Harker theory agrees better with 
present primary recrystallization phenomena, and 
this is true also for their published data. There are, 
however, several points of difference in the results 
obtained from cold-rolling and recrystallizing single 
crystals (these will be considered in another paper 

and these results are concerned with: (1) effect of 
original orientation on the cold-rolled texture, (2 
the ac tive slip planes, (3) effect of original orientation 
on tendency to recrystallize, (4) orientation relation- 
ship between cold-rolled and primary textures, and 
(5) orientation of first forming primaries. Informa- 
tion on all these items is important to the problem 


of secondary recrystallization. 
Summary and Conclusions 


Single crystals of silicon iron of three different 
original orientations were given various anneals 
after cold-rolling reductions of 70 per cent, and 
ditlerent stages ot completion of both primary ind 
secondary recrystallization were investigated. 

Generally, the primary recrystallization textures 
were sharp and of a (110) [001] type. In addition to 
primaries in the main orientation, there wert 
primaries in deviating orientations. The smaller of 
these disappeared during the induction period for 
growth of secondaries, and with their removal thi 
sharpness of the (110) [001] texture improved 
he larger of them, however, remained essentiall\ 
unchanged in size during the induction period ot 
secondaries. 

[he secondary recrystallization textures were 
determined for each of the three starting orientations 
investigated and were found to consist of specifi 
preferred orientations. These preferred orientations 
ditfered from both the average cold-rolled orientation 
and the average orientation produced by primary 
recrystallization. 

The orientations of a few first forming primaries 
were determined for one specimen and were tound 
to be precisely the orientations of a strong compo- 
nent of the secondary recrystallization texture. 

It was also found possible by first annealing at low 
temperature to induce a sample to undergo normal 
erain growth instead of secondary recrystallization 


on annealing at high temperature. 


| rom the growth beh iV1O 
during the induction period of 
1 
precise correlation 1n 
daries and first forming prin 
the following conception of 


In cold-rolled single crTysi 


When primary re 
Pral ned structure with a h gi 
one preferred orientation and 
in other prejerred 
im Sue 
than the average 
three, then these 


110 econdaa? 
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THE PREPARATION OF ALPHA-URANIUM CRYSTALS* 
R. W. CAHN? 


-anneal and phase-change methods to the growth of alpha-uranium 
described. While the strain-anneal method gave crystals which were 
more than 214 mm. in diameter, probably owing to the occurrence of 

| By the phase-change method large, but impe riect, gr uins were obtai ied. 
hypothesis is put forward that the ‘‘cells’’ in these imperfect grains are the consequence of 
i th i a phi > at it interface with the beta-phase. This kinking is attributed to the 


insformation 


LA PREPARATION DE CRISTAUX D’URANIUM ALPHA 


tia des applicatio s des méthodes de déformation-recuit et de changement de 
production de monocristaux d’uranium alpha. Alors que la méthode de déformatio: 
né des cristaux ayant une structure parfaite, aucun ne le 2}4mm, 
ybablement ld I de 
ite 
s ‘‘cellules’’ I apparaissent comme 
ans la phase alpha, a la surtace de joint avet la ph ise bét t Ce 


t de volume qui accompagne la transformatio1 


DIE HERSTELLUNG VON ALPHA-URAN KRISTALLEN 


ler Methode der IR¢ kristallisation nat h vorhe rgehender Verformung ind der Phase 
nethode zur Ziichtur yn Alpha-Uran Einkristallen werden beschrieben. Die nach 


8) enen Kristalle wa frei von Struktur rn, n jedoch 


ire 
rchmesser, wahrscheinlich wegen der wahrend rformung 


Phasen-Umwandlungsmethode konnter ysse, jedoch 

Es wird die Hy pothese vorgeschlagen, dass die ‘‘Zellen’”’ 
Folge des ‘‘kinking’’ der \lpha-Phase an ihrer Grenzflache 
ird auf die Volum nder g bei der Transformatiot 


respectively. Since uranium undergoes two allo- 
tropic changes in cooling from the melting point, it is 
in account is given here was obviously impossible to grow large crystals from the 
because crystals of alpha-uranium were’ melt, and this approach was not investigated at all. 
for two purposes —the study of the Since this work was completed, Holden |1] has 
plastic deformation published an account of the preparation of the deta 
three principal phase of a uranium alloy in monocrystalline form 
il conductivities. The requirements for the by the phase-change method. His incidental observa- 
lications were somewhat different. For the tions on attempts to prepare alpha crystals by this 
it was essential to start with method are consistent with the results of the present 
vstals the orientation of which _ research. 
ince otherwise the 
The Strain-Anneal Method 
impossible. arge crystal size [his method is in general use for a number of 
For the conductivity measure- metals, notably aluminium and iron. The starting 
‘r hand, long single crystals were material must be in a strain-free and fine-grained 
degree ol pertection was not state, which is usually attained bv fairly heavv cold 
nsidered so important. work followed by an anneal. The strain-free metal 
[hese differing requirements prompted the investi- is given a weak deformation, commonly by exten 
f two distinct techniques: sion, and then annealed at a slowly rising tempera- 


1. the strain-anneal method ture. If the conditions are chosen correctly, a few 


the phase-change method. new crystal nuclei only are formed at the most 


methods yield comparatively small but highly strained points at some temperature which 
vstals, and larger but imperiect crystals, annot be exactly predicted (hence the need for a 
slowly rising temperature). These nuclei invade the 

1952 strained matrix and consume it entirely before the 

_ England. nuclei at less highly strained points. With aluminium, 


rA METALLURGICA, VOL. 1, MARCH 1953 


single ¢ 
Phe hy 
change of volume accompanying the trd/___777/7/il 
ar ] 
p d ila 
e do 
( ( ST 1) 
11 est | 
veme t 
line 
ce sequence 
\nwen 
mwand] 
er Re ristallisats smethode 
emals grisser als 219 mm. D 
1 
1wuitretenade esbildung Nat del 
1 the" } 
commene Kristalle erhalt werde 
est vollkommenen Kristallen eine 
r Beta-Phase ist. Dieses i 
hrt 
Te ¢ 

1 
np] 

De 
( 
( 
‘ 
Ti¢ 
( 
} 
lhese 
Rece 
land. Ne 
Birn } 
ning 


CAHN: ALPHA-I 


and sometimes with iron, a good yield of single 
crystals is obtained. With aluminium, they may be 
several tens of cubic centimeters in volume, with 
iron they rarely exceed 1 cm*. With certain other 
metals with which the method has occasionally been 
tried, such as zinc and magnesium, it is very difficult 
to make crystals more than a few mm? in size. 
Unpublished experiments by the writer with zinc, 
fully 


existence of this difficulty. Crystals made by this 


magnesium, and zirconium, confirmed the 


method are often very perfect and give extremely 
sharp spots on Laue photographs, although excep- 
tions occur in this respect. 

According to Schmid and Boas [2], it is an advan- 
tage to maintain a slight temperature gradient along 


the specimen, since it is reasoned that only a small 


portion of the yet unrecrystallized part of the speci- 
men will at any one time be at the proper tempera- 
ture for recrystallization. This temperature, as it 


were, travels along the specimen, and the chances 


are that a single grain will travel along with it, 


consuming the unrecrystallized parts before these 


are able to generate fresh nuclei. If the whole of the 
specimen is at the same temperature, then a number 


of nuclei may be formed when this temperature 


reaches the minimum value for recrystallization to 
start. No data are avilable on the magnitude of the 
influence ol The above 


a gradient. argument would 


apply a fortiori if a steep eradient were used, 


because then only a small length of the unrecrvstal- 
lized part of the specimen will at any moment be at 


the proper temperature to recrystallize. 


[wo different lots of uranium were used for these 
experiments, but the majority of the specimens were 
made from a batch of fairly high purity (in particular 


h id 


machined 


the oxide content was low), which been cold- 


specimens and subsequently annealed at 


into i nsile 
\lost Ol 


these samples were rapidly heated to temperature 


swaged. material was 


vacuo to recrvstallize it to a fine grain size. 


and turnace-c« oled, spe ial experim nts showing that 


the rate of heating was without effect on the subse 
quent behaviour. A few experiments were also done 
with rather less pure metal containing much oxide. 
detailed, all 


carried out with metal from the first batch. 


Unless otherwise experiments were 


[extension 


Hounshield 


lwo 


\ll specimens were stretched on a 


tensometer with self-aligning grips. tvpes of 


specimen were used. One was the standard type of 


RANIUM 


CRYSTALS 
round cross-section, with double stepped shoulders 


and a gauge diameter of ? in. The double shoulders 


were necessary the 
flat, 


ind 


to prevent premature tracture ol 


sper imen. The second kind of specimen was 


with a rectangular cross-section 1/S8in. * 1/16in 


shoulders 5/16 in. to3/8 in. wide. Flat specimens were 


desirable tor the plastic ity studies since subsequent 


preparation for micro-examination was facilitated. 


A few preliminary experiments were also done with 
round tapered specimens. 


The extension was found in all cases by measurin 


with a travelling microscope, the distances between 


a number of fine marks the length, 


With the earlier specimens the variation of elonga- 


along 


VAUYE 


tion along the gauge length was sometimes conside1 


able, but with the later spec imens, whi h were hne 


grained and made to precision standards, the elonga 


tion was usually constant to 


Annea Ing 


as a basic limitation to the 


There 
temperatures it Was possible to use, since 


iting alt 


beta phase change occurs on he 
Since this temperature varies somewhat wit 


and not all the annealing methods 


cap ible of reall 
640" ¢ 


tempel iture contro 


limit ol was adopted Several met} 


innealing were tried Sonn 


heated at a constant temperatt 630° 


heated OT idually It to 
held at 630° 


several d Some 


630% ¢ 


the wh 


process Oct 
were kept 


ture along their length, others 


temperature 


nd Roscoe's 


] 


were slowlh pulled th 


fixed temp 


very steep 


extensions rang 
Che 1 ipered specimens 
in determining the opti 


nacroetched, is shown 


le iled bv the 


[he optimum extension with 


sper men Was anil 


1) ite 


consistently, 


ot metal was 0.8—1.4 per cent 


did not behave entirely, 


— 
mt 
pha 
{) ers 
) 
Ce 
; ] 
it 
Some 59 specini S ere | oO ott ere 
1 1 
tapered C! ind ones U extensiol 
1 ] 
1] extension (one ¢ rnem 
Figure 1. The extensior 
it the thin end was about 1.8 per cent, d the 
nd 101 this 
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reason it is not possible to specify an optimum 


extension more definitely. Since the incidence of 


recrystallization was capricious at 0.8—0.9 per cent 


extension, the majority of specimens were given 


extensions varying trom 1.0-1.3 per cent. Figure 2 


shows a typical flat specimen after recrystallization. 


Varying the rate of heating or cooling in the 


anneal preceding the small extension did not pro- 
duce anv detectable ditference in the final grain size. 


Annealing at a fixed temperature of 630°C gave 


appreciably smaller grains than the other annealing 


methods. Judging by eve, these all Vave equally good 


results. No statistical estimate of mean erain size 


was attempted. 


For uranium, at any rate, the presence of a 


temperature gradient, whether small or great, 


would seem to be of no assistance in obtaining large 


crvstals. Perhaps if it had been possible to use a 


higher temperature for the final anneal, the rate of 


growth of the new grains would have been high 


enough for the presence of a temperature gradient 


to have had some effect. Where a gradient is bene- 


ficial, this is presumably due to only a small volume 


of specimen being in process of recrystallizing at any 


moment. This can only be the case when the linear 


-ystal growth (which of course rises with 


temperature) is about the same as or greater 


than the rate of motion of the specimen. With 


uranium, the evidence suggests that this linear rate 
of growth was much smaller than the lowest rate of 


specimen movement used (0.5 mm_hr). Greater 


1.8-2.0 per cent) were tried to increase 


erowth of 


extensions 


the rate ol the new grains in the steep 


furnace method, but this did not give an 


oradient 


iin size, presumably because the 


increased as well. 
rains found in the best specimens were 
iCTOSS ; ther were accompanied by a 
number, | mm. or less in diameter. In no case 


rain entirely span the cross-section of a 


ilthough several came close to doing SO. 
were structurally very good, the sharp- 
ness of back-reflection Laue spots showing that the 
across the diameter 


1 Was usually constant 


beam (0.2 mm) to 20 minutes of arc. 

\ few experiments were done with specimens made 
from the second (less pure) batch of uranium. The 
difference in behaviour of the metal containing much 
stock normally used was 


oxide from that of the 


striking. For example, a specimen extended 2.0 per 
cent had only partly recrystallized after 60 hours at 
625°C. The 


thus considerably higher. Moreover in no case were 


critical extension for this material is 
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anv grains obtained that exceeded 1 mm. across. 


One other approach was tried to increase the final 
erain size. It had been observed that when a coarse- 
grained aluminium was stretched 10-15 cent 


the 


per 
annealed, resultant grain size was 


and then 


always very large, and this without the gradual rise 
fine-grained 


In the 


of temperature which is necessary if 
samples are to be turned into large crvstals. 
hope that uranium would behave in a similar way, 
some coarse-grained samples made by the strain- 
anneal method were re-extended by various amounts 
up to 3.6 per cent, and then annealed in the gradient 
furnaces, but the resultant grain size was no bigger 
than before. The experiments were too few to allow 
it to be definitely said that the method does not 
lead to any improvement, but microscopic examina- 
tion of partially recrystallized specimens of this tvpe 
showed that the number of nucleation sites was still 
large. This is ver\ probably associated with twin- 
ning, the influence of which is discussed in the follow- 
ing section. It is conceivable that the large pseudo- 
the phase-change method 


single crvstals made by 


(see below) would give larger grains after suitable 


straining and annealing, but this was not investi- 


gated. 


Di SCUSSION 


The experiments carried out were comprehensive 


that large crvstals of 


the 


enough to make it certain 


uranium cannot be made. by strain-anneal 


method, unless some entirely new approach is 


suggestion for such an approach 


attempted. A 


arises from the hypothesis that the difficulties 


experienced were due to the presence of deformation 
twins in the stretched uranium specimens. There is 
considerable evidence for this hypothesis, arising 
experiments with crystals of 


varticularly from 


zinc |4; 5]. It is possible that if the critical deforma- 
tion is imparted to the specimen at a temperature 
high enough to obviate twinning (about 350°C for 
uranium |6]) larger crystals can be made. Prelimi- 


nary results have not, however, been encouraging. 


The Phase-Change Method 


Uranium undergoes two allotropi changes ol 
structure as the temperature is raised. At 667°C it 
transforms to tetragonal beta-uranium, while this in 
body-centred cubi 
770 C. 


slightly lower on cooling. 


turn transforms to gamma- 


uranium at about The change-points are 


A phase-change of this kind has occasionally been 


used to make comparatively large metal crystals. 


If a rod of the metal is slowly passed through a 


vie 
| 
he 
> TY 
il 


<2 — 
% 
“a 
| 
Qc 3 
I re 1—Tapered m strained and annealed (3 > I re 2—I 
| ATI | ipered specie ain la la 
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Figure Sampl first tur ed to Coarse gra s bi nes i Ca ( 
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temperature gradient in such a way that the whole 
rod is at a temperature in the stability range of th 
high-temperature phase to begin with, and the point 
at which transformation is taking place gradually 
moves along the specimen from one end, then at 


sufficiently slow speeds thick columnar grains ot 
even a single crystal may be formed. This method 
has been successfully applied to iron by MckKeehan 
[7] who made single crystals in wire 1 mm. in dia- 
Wassermann [8] 


columnar grains in rod 15 mm. in diameter. It has 


meter, and by who made long 


been used by Holden [1] to make crystals of beta 


uranium in uranium-chromium  allovs, starting 


from the gamma phase. 


Experimental Method 


As with the strain-anneal technique, it is an 
advantage to use a steep temperature gradient, since 
the probability of a new alpha grain being nucleated 
in the beta-phase ahead of an advan ing alpha erain 
is reduced if the volume of metal which is within the 
narrow temperature range in which transformation 
can take place is kept to a minimum. A steep 
temperature gradient obviously has just this effect, 
and a furnace was designed specifically to provide 
such a eradient. 
Figure 3 is a sketch of the furnace. It consists of 


two stainless steel blocks each provided with 


a main 


rhe 


lower block was the cooler one, which prevented 


close-fitting alumina sleeve: each sleeve has 


winding and a shorter subsidiary winding. 


convection currents; its windings were generall 


not used in these experiments. (The lower windings 


can be used to give gentler gradients. lo get a steep 


eradient between the blocks, it was necessary to 
provide good thermal insulation between them while 
having them as close together as possible. This was 
done by placing between them a disc of silica (which 
is a poor ¢ onductor ol heat both surfas es of W hic h 
thin 
Che 


disc was fitted with spacers to keep the blocks apart 


had been polished and then coated with a 


evaporated laver of chromium to reflect heat. 


Asa protection against local convection currents and 


to help keep the blocks coaxial, a short length ol 


silica tube passed through a close-fitting hole in the 


disc. Thermocouple holes were bored into the 


blocks as shown, and the cut-awavs at the outer 
ends of the blocks were for minimising end-losses of 
heat. The whole assembly was packed in asbestos 


wool. The subsidiary winding on each block was in 


parallel with the main winding but had a rheostat 


in series; the currents for the windings were supplied 


from a voltage-stabilised source. 
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| he 


thermocouple which was moved slow]: throug 


furnace was calibrated by an exploring 


h the 
furnace. The temperature distribution of interest is 
that in the metal spec imens, not that between the 
blocks lled 


stainless steel tube of roughly thi 


lurnace For this reason hick-w 


Same Cross-section 


as a normal uranium sample was placed in the 


furnace as a dummy specimen, and the thermo 


couple Was kept in cont ict with his. (1 ranium was 


not used to avoid oxidation troubk 


ended silica tube surrounded the s 


the analogy with nort 


compl 


mens, which were alway 


plot of temperat 


continuous line 


the temperatures inside 


obt Lined by slidin the 


their holes 


\ gradient of 


specimen at 


1 
could be 


up to 


the ten it 


1 
Slice Speciinel#l 


considet! 


la 
YTad 


the maximum temperature the 


sample 


exceed the beta-gamma ch ings 170 ( 


point 


few cases this temperature was deliberatel 


so that the two transformatio1 


IS TOOK pla 


However, this led to very considerable 


impertec tion and Was ab indoned 
the phas« ch ge 


Che samples tor experiments 


were mostly machined from the stock used for th 
strain-anneal method. Some runs were made wit] 
lew ol h id 


pre 


shaped tensile specimens, 


viousl\ been turned Into coarse erains by the strain 


n-igrad 
; 3 / rurnaé 
| 
3 ( ft) ib ect re 
S ed S \ tT) 
Figure 3. The dashed lines ar 
| thert 
On nocouples one 
i: 
pha change. In thin SMA s the cradient 
must have been sammmimigrab! reater. One { 
Lu LeT ( tor 
§ limiting the possi 
exceeded 
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made with rods of 
100 in. 


inneal method. Other runs wert 
|, 16 in. square section, or with rolled strip 1 
and 1/8 in 


specimen which transformed first was tapered to a 


thick wide. In every case the end of the 


point to exclude copious nucleation at the start. 


n 
Olll 


For a few runs both ends were pointed, the 


specimens were first passed slowly trom the cool 


block to the hot, left for a while, and then reversed. 


1 


This was done both with fine-grained and coarse- 


] 


uned initial stock, to see whether it would lead to 


in increase in grain-size in the beta phase, which 
might in turn produce a larger alpha grain size after 


Normally, 


mens were pla ed direc I in the hot bloc k and passed 


transforming back however, the specti- 


down towards the cooler block. Various speeds were 
Che 


not varied from its maximum setting 


tried, ranging from 32 mm/hr. to 0.5 hr. 


r idient Was 


~ 


Large grains were formed consistently only with 


hr. A typi 


Xx 1.5mm. rectangular section along much of its 


1e lowest speeds, 0.5-4 mm il specimen, 


length, passed through the furnace at 3 mm_/hr., is 


shown in Figure 4. The narrower part of the specimen 
The 


section 


three uns thin sheet specimens 


ONSISts Ol 


des« ribed ecedin were generally 


passed through at : im hr. and most of them 


( onsiste¢ 


‘ain obtained in the 


“specimen with 


nproved bv starting 


-ained alpha st kK, not even 


passed slowlh 


nd passed bacl 
| ition reached by 
ted TO ive rise 


ns Whatever 


idy\ ints Was 2 Lined 


tO e@X¢ eption 


the st irting 


1 sample which 
illustrates 
was origi- 

in-anneal 


passed up the furnace until the 


the pl ice near the lett edge 


inked line has been drawn along 


orains. 


columnar 


ft of that are part ol the original 


structure. | ‘cclimen was reversed at this Stage 


ind lowered ibout 2 mm/hr. until the interface 


the right. It then 


nked line at 


the furnace 


rea hed the 


removed from and allowed cool 
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ht of the line is, 
The 


WS 


freely. The metal to the rig as one 
irregular 


that the 


might expect, fairly fine-grained. 
shape of the left-hand inked line 
columnar grains have indeed grown as continuations 
of the alpha grains which had been partly consumed 
when the specimen was reversed. 

Figure 6 is a photomicrograph of a portion of the 
rapidly transformed section of the specimen. This 
shows, in a highly developed form, a feature which 
to a greater or lesser extent characterised all erains 
formed via the phase change. Chis is the presence ol 
a cellular structure inside the grains, with an orienta- 
usually small, between adjacent 


tion divergence, 


cells. This characteristic is especially marked in 


rapidly transformed metal, and is invariably present 


in cast uranium. Sometimes the cumulative orienta- 
tion ¢ hange IS ¢ onsiderable, and a series of cells may 
iorma “bridge” between what appear to be distinct 
the “‘bridge’’ at the intersection of the 


erains (e€.g. 
arrows, Figure 6). A cellular structure is also found 
in the long columnar grains made by slow transfor- 


Here 


sometimes elongated in 


individual cells are larger, and 


the 


mation. the 


direction of growth. 


Figure 7 shows a grain in a slowly transformed 


sper imen, carefully set with respect to the plane ol 


polarisation of the incident light so as to give the 


maximum contrast between several of the cells. 


\ll the cells within the inked boundary are parts of 
what macroscopically appears to be a single grain. 
The individual cells were commonly structurally 


perfect (1.e. of uniform orientation); this was known 


from the appearance of Laue photographs, which had 
reflections each split up into several very sharp spots, 


where the cells were small enough for the beam to 


straddle several of them. Laue photographs were 


made 3 mm. intervals along the pseudo-single 


strip specimens used for electrical 


conductivity tests; a beam 0.1 mm. diameter was 


ised, and with this the reflections were often not 


subdivided. Figure 8 shows the orientations at five 


points ilong one ol these sper imens | his stereogram 


is typical for all the specimens examined. 


There were signs that deformation twinning 


sometimes plaved Lt part in the progress ol the phase 
change. Thus Figure 9 shows an included grain in a 
thin sheet specimen. By rotating the stage and 
comparing colourations it was found that the orienta- 
tion of the lattice in the twin lamellae in lined at 45 
to the horizontal was close to or identical with the 
orientation of the large dark crystal which occupies 
most of the specimen. This means that the large 
crystal is in twin relation to the white island oTain. 


lhe first-formed edge of the latter is parallel to the 


R 

LESU 
| Of a single crystal 

It was found that the size of 
thicke 

( Iph grains 

passing the specimen up and then reversing it, s0 
that the technique was standardized to omit the a 
several intersecting points. This sam ee 

nall Oarse-g ned bi the 
method nd it \ ee 

Figure 5) where a) 
the extreme boundaries of the Hi! Sim 
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twin lamellae referred to, and in addition there are 
two blade-shaped white islets also parallel to them 
° ‘ eCXDET 

The most likely explanation of this is that several 
method make it am] 
deformation twins formed in the newly-formed 
alpha phase just at the interface, presumably to 
relieve local stresses due to the change of density 
wccompanying the phase change, and that some of 


these twins proceeded to grow at the expense of the 
columnar cryst 
ind how art 

grains made phas 


rapidly or slowly, always co 


the size ol the cells depend on 
Was at first thoug!] 
Sitic she ul process \\ 
irom beta to 
ilpha 
beta OT 
which martensit! 


the generation 


Mmpel 


FIGURE 8. Stereogram showing tatlo t live po ide trom 
spaced at 3 cm. intervals alo 


ines. However, 
made by the phase-change method 


soaking n the 
beta phase, one of them extensively. The resultant alpha grains produced ther 
island grain must have become riddled with twins 
itself because of the stresses caused by differential 
thermal contraction during cooling. Twins due 
presumably to this cause are also clearly visible in 
one grain in Figure 5. Specimens turned into pseudo 
single crvstals contained few or no twin lamellae 
the orientation differences between neighbouring 
cells were evidently not sufficient for differenti 
thermal contraction to cause twinning 
There is another reason for believing that 
nternal stresses set up by the transformation 
cooling are considerable. This is the obser, 
that originally straight specimens often be 
curved after being turned into columnar grain 
the phase change method. A case in point is 
trated in Figure 10. This was almost certainh 
mainly to the anisotropy of thermal contractior 
because the curvature was marked only where mor 


than one grain occupied the cross-section 


specimens ot the dimensions shown in Figure 10 the 


cross-section rarely contained more than two grains, 
so that the curvature was evidently caused 

prec isely the same way as the bending of a heated 
bimetallic strip. The marked density change on 
transformation may also play a part in distorting 


the structure (see below 


obtaining periect cr sO! ranium bi 
Instead, they throw up some problen 
nature of the transformat 1. the answ 


can as vet onl it Wh doe 
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accompanying the beta-alpha_ transform- 


‘] rge stresses in the neighbour- 


ites larg 
erowing grains. This stress cannot be 


relieved by deformation of the beta phase, 


this has a structure closely similar to the 


hases in stainless steels [10] and is theretore 


lhe alpha phase is compara- 


ranstormation and 


ird and brittle. 


the stresses by slip and kinking. It 1s 
suggested th il the beta phase does not deform 
ll, only that the alpha phase deforms rather more 
isilv. (In this connection see the tootnote below. 
[he existence of slip and kinking has been experi- 


mentally 


moreover known that 


confirmed in alpha-uranium [6], and it is 


a cellular structure, presum- 
ibly due to kinking, is formed in alpha grains by hot 


deformation within the stability range of the 


kink band is formed in a growing 


Ipha phase. It 


iin, the result is to relieve the transforma- 


OT 
ion stress and to change the orientation slightly, 
ind the reoriented part ol the erain goes on erowing 
until the same thing happens again. The discon- 
tinuous change of orientation giving rise to distinct 
cells can be understood, for 


The 


between apparently distinct 


bound iries between the 


such boundaries. 


to just 


rid es 


erains is also easily understood, for some kinks can 
be formed with one sense of lattice rotation (giving 


rise to a bridge), while adjacent parts ol the crvstal 


can kink the other way (giving rise to the apparentl 


distinct un 


OT 


1], adja ent 


ideal mechanism of kinking 


kinked crvstal should alwavs be rotated 


in the slip plane ind normal to 


uch an axis (which should be 


found to relate the cell 


is not 


Lili> iodel 
als made b 
phase also had 
m is capable ol 
that it can kink 
similar to the 


the beta phase 
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orientations in the pseudo-single crystals of which 


Laue photographs were taken. (See for instance 


Figure 8.) On the other hand it is known [6] that at 
high temperature a great deal of cross slip occurs in 
uranium, so that one in effect has “pencil glide”’ with 
a multiplicity ol slip planes, and consequently a 
multiplicity ol possible axes. Even so these possible 
axes all lie on the [100]-{010] zone, and it would be 


well worth while to examine the orientations of 
adjacent large cells in columnar grains (like those in 
Figure 7) from this point of view. The individual 


orientations in an experimental stereogram like 
Figure 8 do not correspond to adjacent cells, hence 
it is difficult to draw any conclusions from them 
regarding the mechanism of the transformation. 
This hypothesis for explaining the genesis of the 
cell structure is speculative, and the best evidence 
in favour of it is that no other hypothesis has been 


found which can take its place. 
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INTER-CRYSTALLINE FRACTURE AND TWINNING OF IRON AT LOW TEMPERATURES* 
J. R. LOW, Jr. and R. G. FEUSTEL} 


It has beet nd that small amount 0 i strongly fluc 
of tracture of iron at low temperatures s contal 0.03 to 0.05 pe 
considerable ductility and fractur I] 

\fter decarburization in moist 

fracture occurs by inter-crystalline 

mode of Iracture Incompl. te decarburizatio 
ed, leads to inter-crystalline Iractur 
ductility and tra s-crvstalline mode 


ted that 


of these results it is sugges 
cleavage strength, and that the resis 
the addition of small amounts of carbon 

It has Ireque itly been proposed that the | 
formation of deformation twins at low tem 
decarburized and carburized irons whi 
to demonstrate that twinning is a sec 


low-temperature brittleness 


RUPTURE INTERCRISTALLINI MACI 


Il a été trouvé, que de faibles qua 
le mode de rupture du fer aux basses t 
bone, soumis aux essais de tracti i 
clivage transcristalll \preés décarbur: 
complétement fragiles a 195°C et 
les propriétés et m cle ck rupture or! 

U ne décarbur l compleéte, q 
conduit 4 une rupture intercristalli 
observée aux basses températures 


eisatlo Ces resul its pe ivent 


du fer polycristallin constituent des surfaces de 


ces surlace peut €tre considérablement a mi 


Il a été fréq lemment propose, ¢ 
la formation de macles de défort 
maclagt dans des fers décar 


par I 
ue le mac lage n'est qu'ur 


ragilité aux basses 


INTERKRISTALLINER BRUCH UND ZWILLINGSBII 
PEMPERATUREN 
Es ergab sich, dass gerin 
} 


el tiefel lemperat ire 
Kohlenstoff enthalten, 
kristalline Spalt ll 
durch Behandlu 
195°C und det 
des Kohlenstoft 


terkristalli 


gen Kohl 

Es wird oft 
Zwillingsbildung 
an kohlenstoft-f1 
gemacht wurden 

ils [ rsache der 


Introduction 


When low carbon steels or irons fracture in 
brittle manner at low temperatures and the fracture 
surface is examined metallographically, fracture has 


eenerally been found to have occurred by trans- 
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Fast and Rees attributed the  inter-crvstalline 


Iractures which they observed to the presence ol 


oxvgen while Stanley believed that hvdrogen 


absorbed during annealing was the cause of grain 


boundary tr in his experiments. The present 


investigation of the influence of small amounts of 


carbon on the mode of fracture of iron at low tem- 


peratures leads to the conclusion that if the carbon 


content of iron is reduced sufficiently then grain 


boundary tracture will occur at low temperatures. 


the observations of the investi- 


It is suggested that 
eators ited above may perhaps be better explained 


on the basis of the carbon content of their materials 


than on the basis of either the oxvgen or hydrogen 


content 
Since O'Neill {4 


which 


1926, when pointed out that 


many of the metals become brittle at low 


temperatures or high rates of loading also exhibit 


detormation twins under these same circumstances, 


there have been a number of attempts to demons- 


‘ate that deformation twinning is the cause of 


low-temperature brittleness [5; 6; 7; 8; 9]. It is 


believed that the observations conc erning the forma- 


tion of deformation twins which were made in the 


course the present investigation, clearly demon- 


twinning cannot be the cause of low- 


‘rature brittleness in iron. Rather, it is conclud- 


» twins observed in the vicinity of a brittle 


ture surface are a secondary phenomenon result- 


from the high stresses associated with brittle 


propag tion 


Material 


throughout this investigation 


was a low carbon, rimmed steel in the form ot 


0.035 to 0.040 in 


~ 


thick sheet having the followin 


wt 


il compositior 


Cr S 


0 O10 0.015 0.004 0.012 0.010 0.024 0.0008 


composition of this material was modified by 
mall tensile specimens in wet hydro- 
recarburizing following the wet hydrogen 
consisted 


hvdrogen treatment 


eight or ten hours, depending on 

s, at 700°C in flowing hydrogen which had 
heen bubbled through 
Carburizing was 
690°C in 


bubble d 


Water at room temperature. 


accomplished by heating for ten 


minutes at hydrogen which 


had 


hexane mixture 


stream Ol! 


been through an n-heptane-cyclo- 
it room temperature. 
The wet hydrogen decarburization treatment used 


is not eXpec ted to atfect the composition except as 


1953 
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regards carbon and nitrogen and possibly oxygen 
10]. Typical analyses for these three elements of the 
variously treated specimens are shown in Table I. 
Except where noted otherwise, the grain size of all 
for which mechanical 


specimens properties are 


reported was 0.03 to 0.04 mm. diameter. 


TABLE | 


(wt. per cent 


lreatment : N 
Sheet 0.03/0.05 
0.001 
0.014 


0.003 / .004 
0.0005 


0.015/0.020 
0.016 


stock 

Decarburized 
Recarburized 
Carbon analyses were obtained by the standard low- 


pressure oxygen combustion method, nitrogen 
analyses by the micro-Kjeldahl distillation method 


and oxygen analyses by the vacuum fusion method. 


Experimental Methods 

The small sheet tension specimens used for all 
mechanical tests were 0.2 in. wide and 1} in. between 
fillets. One flat face of the specimen was ground on 
hand-polishing papers and electropolished 
betore testing. This procedure permitted examina- 
tion, immediately following testing, for the path ol 
fracture and for the nature and distribution of any 
deformation occurring in the specimen. 

All tests, unless otherwise noted, were carried out 
with the specimen and grips immersed in liquid 
nitrogen ( — 195°C). The testing speed was 0.05 in 
per minute of cross-head travel. With the particular 
testing machine used it was possible to make auto- 
graphic records of load vs. cross-head motion and all 
reported ‘“load-elongation”’ curves are of this type. 


The 


readily 


cross-head motion can not be interpreted 


in terms of strain in the gage length of the 
specimen because of the unknown amount of strait 
the fillets. 


may be compared for identically shaped specimens 


which occurs in However, such curves 


and serve to illustrate differences in ductility, 


\ ielding behavior, and the general shape ol the 


stress-strain curve. 

Yield-point elongation and reduction in area to 
fracture were computed from measurements of 
dimensions atter testing, the former from pointed 
micrometer measurements of the width and thick- 
the 


necked region, the latter from similar measurements 


ness within a Luder’s band but from 


away 


at the fracture. Fracture stress values reported were 


obtained by dividing the load at the instant of 


fracture by the reduced area at fracture. 


= 
strate thot 
95 
The material ued 

per cen 

( 


LOW anv FEUSTI 


Experimental Results 
195°¢ 


Effect of Carbon on Mechanical Properties at 


Figure | shows typical load-elongation curves at 


— 195°C for the annealed low carbon sheet before 


treatment, as decarburized, and after recarburizing. 


| I 


A Annecied low carbon sheet stee 


= | 
B After decarburlzation | 

' 
C Same os B, recorburized 


(100 Ibs) 


Load 


TESTING TEMP. 
-195°C 


Crosshead 


Motion 


FIGURE | 


The 


various materials are listed in Table II. 


computed mechanical properties of these 

The unusual shape of the load-elongation curves 
for the untreated material and for the recarburized 
specimens results from the fact that these specimens 
down and broke betore the 


necked vield-point 


elongation was completed. \t the drop in load from 


rABLE II 


MECHANICAL PROP! 195° 


Upper Lowe 


1000 O00 O00 


the upper vield point, a narrow Luder’s band formed, 
usu lly near one fillet, and began to propagate down 
the gage length as the specimen was extended 
Before the Luder’s band had completely covered the 
gage length, necking occurred within the Luder’s 
band and the spec imen fractured. A typi al broken 
specimen of this type is shown in Figure 2. Similar 
12] in 


room-temperature tests of low carbon steel at very 


behavior has occasionally been repe rted | 


high testing speeds. 
It is evident from the curves of Figure 1 and the 


data of Table II that the reduction of carbon by 


R | AND TWINNING OF IRON 


LS, 


annealing in wet hydrogen completely embrittles 


iron at this temperature and loading rate. Further, 


the original ductility may be restored if carbon is 


re-introduced into the material These drastic 


changes in ductility are accompanied by a complete 


change in the mode of fracture as brought out in the 
next section. 
tests il between 


lension temperatures 


195°( 


root! 


temperature and have not been made, 


although the transition temperature of the decar 


burized material was determined roughly by bend 


tests ol small strips that h id been cooled to \ irious 


temperatures by holding t various distances 


above the suritace ol boiling liquid nitrogen, These 


bend tests showed the wet-hy drogen- ited mate! 


165 ( 


tre 


ial t be ductile above 


Observations on the Mode of Fracture 


lwo methods were used to examine the f1 
of tensile specimens after testing. In most « 
the 
illo 


ASecs, 


Irom 


examination ol 


surface of the specimen which had 


mode of fracture was cleat 


been met 


testing In some « 


graphic ally polished betore 


pre ( eded 


pple mented by 


where large amounts of plastic flow 


Nicke 


flat 


fracture, this method wa 


plating the fracture, sectioning parallel to the 


surface of the specimen to about 


the mid-plane, and 
then polishing and etching 


found 


low carbon sheet betore de irburizing 


to by rans- 
individual the 


up ilmost entirel\ 
decarburizing, the 
lad me ¢ 

il S 
up aimost en 
suriaces 


dar. 


the fracture reverted 


ind 3 show 


irburized 


the 


the typical ti 


ge tractures Ol 


shows 


| igure 


fracture ot the mater 


recarburized specimens ir specimens 


101 Figures 3 and 


used 


specimens broken by bending 195°C, however 


the illustr ited ire the sa 


uned 


fracture characteristics 


is those observed witl nne-gi 


broken in tension at this sat 


grained specimens are used here tor 


illustration since with such specimens 


to fit the two halves of the broken spe 


togethet again quite precisely so that 


|] | 
2 
| 
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Ld Ye Ol tne 
Y ie Fract Re 
ele ‘ t tre Iracture surlace mad 
ot fiat ct ets \fter 
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path to the microstructure may be 


ore clearly demonstrated. 


ill of the brittle decarburized specimens it was 


nd that deformation twins (Neumann lamellae 


present in the one or two grains immediately 


ljacent to the fracture surface but nowhere else in the 
This is illustrated in Figure 4 for a coarse- 


Very 


number of 


ecimen. 


broken in bending.” careful 


rained specimen 
surlace Ol a 
195°C 


examination of the entire 


ensile sper imens broken at failed to 


] 


reveal twins anywhere except within two or three 


erains of the fracture surface. 


\s pointed out earlier, the specimens containing 
carbon did not deform homogeneously over the entire 


e length, but necked down and broke near the 


center of a Luder’s band covering approximately 


one-third of the gage length (cf. Figure 2). No twins 


were found in the undeformed portion of the speci- 


men. At the edge of the Luder’s band, where defor- 


mation was just beginning, typical narrow, approxi- 


mately twins, were found such as 


parallel-sided 


those shown in Figure 6. As the amount of deforma- 


tion increased in the edge ol 


passing through 
Luder’s band the 


rection and became semi-lenticular 


twins increased irregularly in 
one di 
In the regions of still 


band no 


‘r lateral ¢g is observed and the twinned 


is shown in Figure 7. 


within the Luder’s 


‘r deformati 
regions becat distorted, as did the 
the fracture surface, the 


w highly 


sharply defined twins, such 


ndividual 
distorted, were still 
but no new, 


those seen near a brittle fracture, were observed 


Discussion and Conclusions 


various investigators [4; 5; 6; 
the 
brittle 


From time to time 


8; 9] have attempted to show that low 


temperature transition from ductile to 


1used by deformation twinning. 
erally 
pothesis h is been: the 
ppearance of deformation twins and brittle fracture 


-acture in iron 


cited in support of this 


Phe evidence vel 


nearly simultaneous 


is the temperature of testing is lowered; the fact that 


g, a 
ey first appeal 


cation, 
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twins are frequently observed in the neighborhood of 
brittle fracture; and the fact that the face-centered- 
cubic metals which do not twin under deformation 
also do not have a transition from ductile to brittle 


behavior at low temperatures. 


the occurrence of twins in 
the 


the 


The observ ations on 


this investigation leads to conclusion that 


twinning does not cause low temperature 


transition in iron or contribute in any significant 


wav to brittle fracture. As evidence in support ol 


this conclusion, two observations may be cited: 


In the case of the decarburized iron which failed 


in a brittle manner by inter-crvstalline cleavage, 


twins were found only in the immediate vicinity 


of the fracture. Two possible explanations mav be 


suggested for this observation. If it is assumed that 


the stress to twinning is lower than that 


cause 


to cause grain boundary cleavage, then the further, 


and unlikely, assumption must be made that the 


first twin formed invariably produces a sufficiently 


high local stress concentration to start fracture. 


Otherwise one would expect to see occasional twins 


randomly distributed over the b lan e Ol the spec * 


men, since the whole of the specimen is under 


instant the first 
that 


substantially the same stress at the 


twin forms. Rather, it seems more likely the 


stress required to cause twinning in this material is 
than that 
Such 


significantly higher required to cause 


erain boundary fracture. higher stress would 
exist ina highly localized region at the front end of a 
crack progressing across a specimen during fracture 
ind would thus lead to the appearance of twins in a 
band on either side of the « al ir 


narrow acture 


surtace. An alternative explanation of this localiza- 


tion of twinning might also be that twinning must be 


preceded by a small amount of slip and that this 


deformation by slip occurs in a narrow band as the 


fracture proceeds across the specimens Such an 


explanation is suggested by the observation that 


in ductile specimens twins are found only where 


deformation by slip has occurred. 
carburized twins 


In the case ofl specimens, 


appeared very early in the test, in fact, simultan- 
eously with the first plastic deformation, but did not 
in any case lead to fracture. In these specimens 
fracture occurred after considerably ereater deforma- 
tion and long after the formation of new twins had 
stopped. Here again, it is believed that the stress 
for twinning is higher than that required for flow 
and that the stress concentration required to pro- 
duce twinning is provided at the ends of slip bands 
temporarily stopped al erain boundaries. The obser- 


vation that no new twins were formed during the 


+} tir 
é Ud OF] On 
the 
width in } 
I shape 
re deformatio twins \t high mag catio those i 
Figures 3 and 5 are lat appearance to tliat \ 
Those of Figure 4, when examined at high magni 
vea ippearance similar te the twinned regions of Figure 7, 
here lateral growth has occurred with additional plastic 
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crack propagation at fracture in these specimens 
a result of the fact that the crack is propagating 
deformed metal and it has been 


through highly 


shown [13] that even small amounts of prior plastic 


deformation by slip will suppress twinning in iron. 


flect of Carbon on Mode of Fracture 


With regard to the change in mode of fracture and 
the increase in duc tility produced by the addition ol 
to the decarburized material, it should be 
that all of 
material containing substantial amounts of oxygen 
0.015 


recently Rees, Hopkins, and Tipler 


( arl on 


kept in mind these results apply to 


about wt. per cent). Fast |1] and more 


have found 
that high purity irons containing more than 0.001 
to 0.003 per cent oxygen tend to fracture by inter- 


crvstalline rather than trans-crvstalline cleavage 


Fast also observed that as Oxygen Was added to 


high purity iron, the impact strength at room 


temperature dropped sharply, but that this effect 


could be largely offset by the addition of as little as 


0.002 per cent carbon. Fast does not comment on 


the effect of this carbon addition on the mode ol 


Iracture. 


Rees, Hopkins, and Tipler [2] without specifving 


the exact mechanism, propose that the addition of 


oxygen to high purity iron weakens the grain 


boundaries, presumably as the result of a grain 


oxide film. On the other hand, it 


that 


boundar\ seems 


highly unlikely the short time, relatively low 


temperature, carburizing treatments used in the 


present investigation could have reduced a_ thin 


grain boundary oxide film or even have changed 


the oxvgen content of the grain boundaries signifi- 
Nevertheless, these carburizing treatments 


the 


cantly. 
did 
proposed that without carbon, the grain boundaries 


strength relative 


change mode of fracture. It is therefor 


represent surfaces of low cleavage 


to either the flow or the cleavage strength of the 


erains themselves, and that additions of small 


amounts of carbon preferentially strengthen the 


erain boundaries SO that plastic flow mav occult 


without fracture and the material then behaves in a 
ductile manner. It dc es not appear unreast nable to 
assume that grain boundary surfaces should have a 


low cleavage strength since the atomic arrangement 


at such suriaces may be expected to be irregular 


over quite large areas with the inter-atomic dis 


tances greater, on the average, than in the crystals 


Such regions of greater than normal 


themselves. 
atomic separation should be more readily separated 
under the action ol normal lorces leading to crac k 


nuclei which, as the stress is increased, ultimately 


AND 


rWINNING 
ittain a sufficient size 
entire cross-section 

Carbon could be expected to 
ially at erain boundaries, 
rapid grain boundary 
be 


or alter homogenization, 


favorable size of 
atoms in the 
Further, carbon atoms s« 
expected to increase the 


erain boundary surtaces 


binding energy which would 1 
otf a carbon atom betweet 
atoms. 

ibove 


In support ol the 


idditional experimental result 


either 


the interstices 


two wl 


bound 


n 


} 


diffusion during « 
LLIS¢ 


be tweel 


be 


group ol spec imens were irburized 


periods ol time at 700°C and then tested at 


For decarburization times ol 


longer the material was fou! 

mode of tracturé 
) 
Room temperatt 


decarburized these short 


strong vield points indicating 
carbon had 


nours 


removed. \ 
700°C. followin 


he en 
two 


burization restored the or 


with the mode ol 


trans-crvst 


remained 


Iirves al 


shown in 


predomin intl 


the 


Since all of the materi 


substantial 


] 
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it mav be that the present observations on the 


effects of carbon apply only to trons containing 


oxygen. This question can only be answered by 
an iron substantially tree 


0.001 per Such 


further experiments using 


ol oxvgen (e.g., less than cent 


experiments are contemplated. However, the authors 


are of the opinion that oxygen is ol secondary 


importance and that grain boundary fracture will 


be observed when the carbon content of iron is 


reduced to a sufficiently low level. Just how far the 
carbon content must be reduced cannot be stated 
quantitatively since present analytical methods for 
0.002 


per cent, but it is believed that the minimum carbon 


carbon cannot detect changes below about 
content required to prevent grain boundary fracture 
may be much less than this value. For example, ii 
fraction of 
at the 


then as little as 0.0005 per cent 


one makes the assumption that a large 


the carbon in these very low carbon irons is 


grain boundaries, 
would be sufficient to provide a high concentration 


in these regions. From this point of view the fact 


that increasing the ox\ gen content ol iron increases 


the tendency to grain boundary fracture would be 


attributed, not to any specific effect ol 


oxvgen, 


but to a reduction in the carbon content in a range 


where such a reduction would not be detected by 


present analytical methods. 


Finally, we would like to suggest that the recently 


reported results of Stanley [3] 


and Hopkins [14 


who found that high purity irons are embrittled and 


the grain boundaries after annealing in 
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wet hydrogen, may be explained simply on the basis 


of the removal of carbon by this treatment. and 


not by the introduction of hydrogen, as Stanley has 
proposed. Some of the hydrogen annealing treat- 


ments used by Stanley are admittedly not long 
enough to remove all of the carbon present in his 
specimens, however, they may well have been long 
enough to remove carbon from the grain boundaries 


and thus cause grain boundarv fracture. 
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THE INTERNAL FRICTION OF TANTALUM AND COLUMBIUM FOILS 


AT ULTRASONIC FREQUENCIES’ 
J. W. MARX, G. S. BAKER, and J. M. SIVERTSEN} 


lhe internal friction and effective elastic moduli of po 


at vibrational frequencies of about 37 kilocvcles and 

readily identified with O and N impurities were observed 

of other investigators. Activation energies for O and N 

to decrease with increasing temperature, while the inter 

temperature scale when the impurity content was 

temperature interval from about 160°C to about 1000°C. Low temperat 
internal friction of Ta are believed to be caused by hydroge Room t I 


ol both la and Nb produced large put poorly detir 1 « reme 


a Tange whi h showed no anom ilies for annealed Sp ( n s 


FROTTEMENT INTERNE DANS LE TANTALE ET LE COLUMBIUM 
A DES FREQUENCES ULTRA-SONIQUES 


Le frottement interne et les modules d'‘élasticité effectit 
été mesurés a des fréquences de vibration d’environ 37 
Les effets de relaxation, facilement reconnaissables da 


impuretés, ont été observés et reliés aux résultats obte 


la méthode des basses fréquences Il a été constaté, qu 
de 1'O et de N dans le Ta et le Nb diminuent quand 


courbes de frottement interne sont déplacées vel 


quantité d'impuretés augmente. Les mesures o 
d'environ 160°C jusqu’a 1000°C. Il sembk 
aux basses températures, soient dues a I’hydr 
la température ambiante produisait des augm« 
entre 20°C et 200°C, alors que dans le méme 


anomali 
INNERI I NG VON TANTAL-UN NIOBFOLII 


Die innere Reibung und die eff 
Niobfolien werden bei einer Schwing 
vgemessen laxionseffekte, die vol 
wurden gefunden und mit den Niederfrequ 
tet, dass die Aktivierungsenergien fii 
mit wachsender Temperatur 
hdéheren Temperaturen verschobe 
Messungen wurden tiber einem Temp 
Es wird angenommen, dass 
Plastische Verformungen von 
Dampfungszunahmen im Temperaturl 


ausge liihte Probe 1 Ke 


~ SoS 


experiment ul 


Introduction 
OtNnerTs 


of internal friction as a means of measut study of pat 


ing the diffusion of interstitial impurities in bod) idded to the 


original work of Snoek |1]. As part ol his general 


Ul 
| 


di 


re 


ntered 


eatment 


1 200°( 


vel 
cles 


ts comme 


iction as a tool for 


ub lattices is based largely upon the measti I it I i State processes 


he presel { O 


of relaxation effects in metals, Zener [2] dependence of the u 


eatly refined the formal theory of relaxation b‘ nd ' leterm 


ffusion processes, and extended it to include juene oO! ibout 37 nd, { 


orientati 


on of solute pairs in substitutional kilocycles. The use of toil samp! 


solution. Among the notable contributions in this rods, facilitated 


the 


ned 


field were those of Ké [3], Dijkstra [4], and Wert l a » hi frequen 


means Ol 


SO) 


\( 


who successfully used internal friction as a correlated with torsion pendul 


lid solu 


*Received 


+Departme: 


I 
ersity 


MI 


investigating grain boundary viscosity, made by Ang and Wert [10 
bilities. and diffusivities. More recent data by Ké [3], to vield intormat 
of N and Oin Ta ind Nb. | is 


December 1%), 4 made ovel the temperat 
t of Mining and Metallurgical I 


nois. Urbana. Illinois, U.S.A 160°C to about LOOO”¢ 


rALLURGICA, VOL. 1, MARCH 195: 


ulm 


Nb. ibout 
inste 1 ol 


ies 


data wer 


temper. 


iture 


iriction ol poly« rvstalline 


measuring 


111] 


solid 


irom 


ther 


measurements 


as with ¢ 


rlie 


ion on the diftusior 


ure 


measurements 


nterval 


irom 


| \ e Taa \ ) ere Measure 
Relaxation eftec 
he | fre ency dat 
le fe lles de Ta et Nb p CI | ) 
ilocycles et (pour le Nb) 111 kilec 
s le cas de 1O et le 
e les ¢ ergele d’activatio po r | Hitusio 
temperature ! te ilor ( 
] } 4 } 1] | 
tatio mportantes, Mais cle lecrem 
tervall les échantillo rec t mit ( 
N IM ULTRASCHALLFREOUENZ 
BEREICH 
der Elastizitat mn polvkrist ta 
53 requen: 37 Kilocych i (fiir N 111 Kilocych 
Sauerstoft Stickstoff Verunre or erruhre 
iffus Sauerst St to \ 
wahrend e Maxima det ( IR 
ler Ver erg! é D 
Zi nerte p i rul rke ert 
ch zwische 20 200 | est (x 
work by Artman |6], Harper and 
‘ 
vel 
\ of [lh 


RGICA, 


Theory 


For the case of a properly mounted metallic rod 


vibrating longitudinally in its ftundamental o1 


harmonic modes, the most convenient measure of 


nternal friction appears to be the logarithmi 
decrement, which may be defined as the energy loss 


div ided by 


svstem. When the decrement (6) of a 


r cvcle twice the total vibrational 


the 


ner? 


body-centered cubic material which contains even 


ices of interstitial impurities, e.g., C, O, or N, is 


plotted as a function of the temperature, using a 


fixed vibrational frequency, well-defined decrement 


ibsorption peaks may be 


maxima or 
observed. 


The specific a iation between absorption peal 


nd impurity may readily be demonstrated by 


idding or removing the impurity in question. The 


work previously referred to indicates that the 


nternal friction maxima, assuming a unique or 


nearly 


rrequency ot the 


unique process, occurs when the jump 


interstitial atom is equal to the 
ingular of the applied stress, 


decrement maximum 


Irequen 
temperature 

observed for a 
tional frequency and 


be determined from 


QO, RI 


ition energy {for 


d is regat 


eoretical structure of Dy has been 


e VY denotes an iCtIN the pro 
‘d as a virtual constant 

the obje 
excellent discussion of 


Wert and Zener |1] 


interstitial 


study, and an 
point has been given by 
the decrement of a binary 
isured at two different vibrational fre 


} 


orTreater 
displac ed on the 


Ts. Without mal 


VOL 


temperature independence of D and Q, one may 


) 


write, from equations (1) and (2 


D, D Do1/ exp QV, RT, 


QO. RT. 


issume_ that 


Phe 


Q may then be compared from the 


[he conventional procedure to 
D D that = Q QO. 


ictivation ene 


and effective 
relation 


O'R 


Experimental Procedure 
‘he specimens were tormed from 5-mil foils ol 
Ta and Nb, rolled 
with the upper and lower faces ground flat, as 


igure l. 


into tightly wound cvlinders, 


shown in stigation 


Supplementary inve 


longitudinal 


] 


showed lat, in 
displaved the ( ~ 


vlinders 
irs of the same length wit 

\nnealing in va 

irried 


itmosphere was 
grinding the samples. 

\ modification of the piezoelectric driver-gauge 
procedure was employed 1 ake the high fre- 


rhe 


shown together with its essential circuit 


measurements. resonator assembly, 


quenc’ 
components 


in Figure 2, consisted of nearly identical 


a-quartz crystals with adherent silver electrodes, to 
bar of clear, fused silica was 


which a dummy 


attached. The fused silica rod was cut so that its 
fifth harmonic matched the fundamental frequency 


The lengths of 


specimen cylinders were also adj 


two the 


quartz 
their 


Irequen ies matched thos the 


bars within 


fundamental 


quartz about | ne the 


quartz crystals acted as the system 


when the output of a \ iriable Ost illator 
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2 
3) 
| | 
which a 
| 
the given } 
by vstem, v 
he diffusivity D; may iT the 
| 
| D = Lor 3 val 
FIGU! Sry linder 1 le fy 
Here a is the lattice parameter, a is determined by 
ttice geometry and equals 1/24 for b.c.c. struc- 
tures, ind the Vi, ( course, ire temperature depen- vibration, SsuCN foil 
nt. It general, ll theoretical nd experiment | characteristics of 
esearch on interstitial diffusion may be said to s hin the limits of the 
educe to a calculation or measurement of the cuum or a suitable 
emperature depends ce ot the v.. 
Phenomenologi lly. the dittusion process ior } 
elven solute concentration. at least within a limited 
temperature range, is adequately described by the 
he cess 
The 
this 
thic 
solution 
acces, 
any assumptions about they 
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Was applied to its electrodes, the other crystal 


served as a piezoelectric 


gauge. 
Since the lower end of the silica rod and the two 


quartz bars were kept within about 10° of room 


temperature, a mixture of beeswax and_ rosin 


SPECIMEN 


DRIVER 
CRYSTAL 


GAUGE 


— CRYSTAL 


|} VTVM 
GAUGE 


FiGURE 2. Schematic driver 


attached specimen, dummy r¢ 


gaug 


and essen 


proved satisfactory as a cement for these interfaces. 
The specimen-silica interface, on the other hand, was 
enclosed within furnace and crvostat regions during 
the measurements, and a temperature resistant 


| he 


Sauereisen Insalute cement, together with a special 


cement was required at this point use ol 
setting procedure, provided an adequate solution t 
this problem. The Insalute joint was allowed to ai 
dry for a minimum of five days at room temperature, 
unde 


this 


lc west 


a further period of about six hours 


The 


the highest 


with 


using. bond formed in 


both 


before 
held al 


temperatures emploved, and withstood temperature 


vacuulMm, 


fashion and the 


cevcling over about 500°C intervals. 

The 
piezoelectric resonators is based upon the work of 
Bala 


and a bibliography ol 


general development and application ot 


many authors, among them Cady, Quimby, 
muth, and Hunter and Siegel, 
prior work on this subject, together with a deriva- 
ol 
measurements, has been given in a previous publi- 
[12]. Details ot 


have likewise been published 


tion the equations involved in making thes 


the driver-gauge mounting 


[13], 


cation 
and will not be 
repeated here. 


Briefly, the resonator assembly is suspended 


within its vacuum envelope by means of fine 


tungsten wires pressed into shallow notches in the 
ol 
crvstals. When the driver crystal is driven at 


center the electrode faces of driver and 


gauge 


its 


RICTION OT} \ND 


harmoni which 


odd 


correspond to still higher 


fundamental 


frequencies, 


harmonics of the whol 


yvstem be ol the Irequenc matched compo 


nents, the tungsten wire su] ire at displace 


ment nodes, and the oiue joint t stress nodes 


the resonator is gviven 


Che total decremen 
12 


mass of the resonating unlit 


where mM, IS the total 


, is the resonant frequency is the output voltage 


ot the oscillator, as applied to the driver electrodes 


and V is the g iuge sien il at resonance. The resonant 


frequency is ascertained simply by varying th 


frequency of the driver signal until the gauge ou 
Che proportionality constant 


by 
pe ik 


is maximized. 


most conveniently determined measuring tl 


half-width of the resonance for the systen 


either with or without an attached specimen. If 


specimen is attached during the latter measuremen 


it is important that its decrement be amplitude 


independent, as is the case for quartz and sili 


ilone. 
Che 


uned 


decrement itself 


men 


from the te decrement 


1 
opt 


composite resonator by en ving th 


Here the 


ript propert 


resonator minus the spe 


W hole 


ind 1 


mined over the 


furnace 


cryostat 


Lm | 
DUMMY 
vive] K is 
DRIVER 
L j 
OG relatio 12 |, 
) 3 
{| 
| 
| | 
temperature range with 


196 
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positions they are to occupy during 
operations with al 


subsequent 
ttached spec imens. 


perature lag between attached and suspended 
thermocouples for 


a given warm-up rate 
The gauge signal 


| is directly 


proportional to 
vibrational 


temperatures, and then employing this same warm 
strain amplitude at 
resonance, a 


up rate with suspended thermocouples alone. 
and the proportionality constant may be lO~ 
determined from 


from low 
the maximum 


mm. pressures were maintained within the 
a knowledge of the piezoelectric relatively small vacuum chamber by 


means 


FIGURE 5 Dec 


eprese 


rene 
Spt Cline 
ircies represe salle 


Wel h 1405 pump bac ked by 


VMEF-5 o1 


a Distillation Products 
il diffusion 
LOOK 


pump. Hewlett-Packard Ty 


\ pe 


vacuum tube voltmeters were emploved to 
measure |’ 


ind lwo 
()ne 


oscillators were 
ne, with a 


used 

ot better than 0.1 

t 37 kilocycles, was constructed by Michene1 

| ind H indlose: 14 Che other w 

publication [12 “act vpe 1330-A_ bridge 
Young's 


modulus of the 


tuning sensitivity 
- 
onstan in iS General R iio 
s outlined oscillator, of 

but much wider 
was used for the decrement mea nents on 
can Nb at 111 ke., as reported here, and 
+} 


hat a ] ng used to extend the present set 


properh beit ] Surements 
trivial contribution — to still higher frequencies 


leSSCT 


frequency range. The 
observed simultaneousl latter 
surement 13]. It 


is currenth 


resonance 


Experimental Results 
TT Phe samples of Ta and Nb, as supplied by the 

| insteel \letallureic il ¢ Orporatiol Were specified tO 
room temperat were made he he tter th in QQ pr recent 1 DHasis 
t therm« spectrographic and chemical analysis. The inter 


ita indicates that small amounts of ox\ 


nitrogen, and probably hydrogen are pres 
copper-constantan thermo- 1 


ouples suspen- 


al 
‘center of the specimen _ triction d: 
‘mperature determinations 


naterial as received. 
ind with thermo Phe 
high ten 


specimen, 


decrement of a_ representative i foil, 
measured at a constant vibrational strain maximum 
Figure 


iture work. 


measurements are more ol 


is not attached to 
tempel! iture measurements 
more pre¢ ise when it is. Advantages of 
secured by 


decrement 


thermo ouple 


ibout 10 is shown in 


‘n and 
introduced into this 
the specimen, while specimen by annealing at about 750° 


‘ogen were intentionally 
ire 
both pro- 


ina 10-2? mm 
first determining the 


ur atmosphere. The pickup of impurity under these 
conditions emphasizes the need for high vacuum 


cedures are 


tem- 


fm=37-2 K 
90+ ANOMALOUS 
DISPERSION 
80+ 
++ 
br 0+ 
60+ N- PEAK 
+ < 
> 50 tm= 37-0 KC 
. 
30+ 
. 
° 
. 
20+ 
© 
“we 
A 
200 200 3 4c 500 600 70C 800 
TEMPERATURE IN °C 
spectrum for Solid 
, tionally loaded with O and N, ope 
( 1! the is rect ed 
FIGUI (ne the cr stat ri gements emploved 
Other low temperature easurements were ide without the 
hese refriget possessed sm sh nw 
e ¢ por t the « ler 
1 1 Tl} KES OTL 
temperature nduced changes I 
( encies of the m 
scnematu 
Sho I T¢ 
Surements LDOVE 
) ns rot 
ded in spact qiacent to 
1 1 
segment, Vnile OV 
1 
vere Hott 
couples ittached to the 
ples TTal ed Sil the 
La I 
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during measurements. For comparison a portion of 
the high temperature curve of the same specimen 


In the as-received condition is also shown. 
Low 


FRICTION OF AND NB 


noted in vacuum annealed samples at about 


\ region of anomalous absorption, so titled 
ol 


be Ltuse 


the pronounced asymmetry, 


OT 
tinuity, 


temperature decrement anomalies, of rela- 


virtual discon 
small magnitude 


ot the decrement increases noted there, was 
observed i ta samples between 
(, while the hydrogenated 

idditional 
100° 


tively when compared to the i 
identified O and N peaks, are also shown in Figure 5 


material 


ind 
showed 


below 


SO) 


lhe low temperature effects appear to be indepen- 


decrement maximum yu 


dent of the O and N concentration in the metal, and 


FIGURE 6 


represent 


Low temperature 
foil after 850°C, 
are for the 


at a pressure 


decrement 
| 


100 


pe 


200 700 800 900 1000 
hour, high vacu 


foil after 30 


B 
H 


circles 


500°C 


Sallie 


ol 


mint 
it itmosphere 


they are 


re not sensibly altered by additional annealing 
of the original Ta at 750°C 


Further investigation 


in high vacuum. 


of the low temperature 
zone produced the results shown in Figure 6, where 


the decrement ol 


measu®rl 


samples, 
the same Ta foil is shown betore 


ind after annealing in a hydrogen atmosphere f 


tor 30 


ound 


se ol Nb 


IS obset ved 
lemperature 
measuring treq 


] 


minutes al 500°C. Hvdrogenation raised the general 


\ lindet loade d 
should be 


ises 


how! 


background decrement, but produced no striking 


noted relaxed 


additional increase in the incipient peak previously 


Q7 
904 
| 
sst+ 
$07 Nt PE AK an 
an 
407 . 
60+ 
357 ° . 
| ° . 
= 30+ bad 504 ° 
° ° So ” 
an ° ° ° Wt 3 
20+ ° ee ° 
si o ° ° ®e, 
5 
ot + + + + + + + + + + 4-—+ + + + + + ‘ | ars ~, .° 
-120 -100 -80 -60 -20 ° 20 ele 
( tes Neating } Representat \ () 
? Nb-N peaks produce b te S 
The present data ol | yer l ted to 
irequencies. kor the case of the NI 
O and N peaks were determined bot! 
Nb-O peak, induced by the hang measurins 
requel S ( re | 
| s less than tl S11 \ 
no sionificant low temperature Ol es ( e( 
le Nb PFAK AT 
2at anes for Nb. A stud the effects lrog 
the decrement ot ND |! eel ‘ ; 
\t low O and N.concentrat 5 ‘at ent 
6} ess than 3 > () e te 
«a ol the peaks rs t ( Cl ( 
yurity concentration. If er O or N ce ( 
1() \ e. ) () \ s were 
4+ 
to higher temperatures. [his behavior 1s Ol 
200 -l00. 60. 200 300 400 500 600 700 800 90¢ the in figure 8 ere al reas () 
Os 0 S 
FIGURE 7 eS r results were pro ed 
} l \ 
changing — mi ts of O or N int | 
( 
Relaxation of the etrective Yo ne s mod S 


of the unrelaxed modulus is 
is in excellent 


Phe 


theoretical predic tion of Zener 


opposite general effect 


agreement with the 


) 


2|, except for the change in sign of the temperature 


the effective Young’s modulus at a give! 


Ss the same qual Vv at a reieren 


ibout which the theory makes no 


deformation are shown in 


plastu 


foil, previously annealed 1 


uced 25 per cent in thickness by 


Ta AFTER 20% 


in thickness by 
g with both time 
and the shape 


ts occur in 
obse rvations. 


temperat 
th 


ire s¢ ale alone, Can 


occurrTel 


mill 


cylinder was then prepared and measured without 


rolling at room temperature. A specimen 


further anneal, except for such recovery as would 


occur in six days standing at room temperature. 


VOI 


Large decrement increases were noted below 200°C, 
in regions that showed no anomalies for the original 
annealed material, as shown. In these regions the 
decrement of the deformed sample was dependent 
on both time and temperature. Large decrement 
increases would result from a small temperature rise, 
but these would then decay if the sample were held 
for a period at the higher temperature. For this 
reason the scatter in the data, plotted on a tempera- 
ture scale, is very great, and the shape of the peak 
or peaks cannot be regarded as of great significance. 
Similar effects were observed in other Ta samples 


and also in Nb. 
Discussion 


correlation of the high 


rhe 


measurements with earlier low 


present lrequenc\y 
internal 
Ta by 

[3], together with the more recent work of Ang 
Wert 


tion of the diffusivities in these systems over a much 


Irequenc\y 
friction studies of O and N diffusion in Ké 
and 
10] on both Ta and Nb, permits an examina- 
wider temperature range than would be the case 
for the low Irequenc\y data alone. In the case of Nb 
10°, from 


about one cvcle per second to 111 kilocv« les, with a 


the Irequenc\ change is of the order of 
resulting shift of about 300°C in the O and N peaks. 
If one attempts to calculate activation energies in 
the conventional manner, 1.e., by appl ing equation 
1), with its assumptions of constant Dy and Q, to 


lable | 


The effective Q;, when calculated in this fashion, 


the data, the results shown in are obtained. 


appear to decrease with increasing temperature. 
\ similar effect has been observed in the measure- 
ment of sodium diffusion in glass by internal friction 


methods 13}. In considering the data on glass, the 


authors have pointed out that conventional diffusion 


measurements, such as radioactive tracer tech- 


niques, are based upon the transport of solute atoms 


over macroscopic distances. In the absence of any 


channelized regions of consistently low energy 


barriers, the rate of such macroscopic transport 


phenomena would be dominated by the frequency 
with which the solute atoms could surmount the 
highest potential barriers in their path. Internal 
methods, on the other hand, 


friction measure 


diffusion on an atomic scale, i.e., between adjacent 
lattice sites, consequently it is to be expected that 
the existence of a spread in the activation energies 
for a given solid state process would have a much 
greater effect on the internal friction data than upon 
conventional diffusion data. 


Table | 


that the slopes of the In D vs. 1/7 curves for these 


The results shown in simply indicate 


1S ACTA METALLURGICA, WL. 1, 1953 
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L - ARGE OXYGEN CONTENT Nb 
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NTERNAL FR ON MAXIMUM AT 4 
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. 
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FIGURE 9. Plot of E/E» for Nb foil containing a large 
temperature this case 27°( 
chien: 
statement. 
Some effects of 
Figure 10. This 
REDUCTION IN THICKNESS ° 
oC O— VACUUM ANNEALED Ta 
850°C FOR 4hrs 
° . * = 
4 00 2c 4 80 2 220 24¢ 
TEMPERATURE IN ° 
| | 10 Effect of 20 per cent reducti 
decrement of 
Ta NI De rement values 
ind temperature during these 
little more tha indicate ice of an unusual 
phe mena 
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svstems decrease in magnitude as the observation 
temperature is increased. Any identification of these 
slopes with a constant activation energy is obviously 
not justified except approximation. 
Recently Wells, Batz, and Mehl [19] have investi- 
gated the diffusion of carbon in austenite by a 


as a gross 


sectioning technique. In the published accounts ol 


rABLE |] 


\CTIVATION ENERGIES FOR INTERSTITIAL DIFFUSION” 


Molar Q 


kilo alories 


‘| emperature 


System range, “C Observe 


146-155 
152-170 
155-355 < \ng, 
\ll data 


Keé 
presel 


ibove 


350, + 10 
343-360 
360-662 
\ll data 


148 
168-377 
377-423 


\ll data 


16S 


285-310 
310-583 
583-644 
\ll data 


*The calculation of Q ts based upon the imptt 
D, does not vary more than linearly with temperature 
svstem examined. The in each group represe 
etfective Q as determined from the best straight line 


a In D vs. 1/T plot. 


asst 


try 


last 


modation of all data on 
this verv ex ellent work, the investigators accommo- 
dated their In D vs. 1/7 
concentration, by drawing the best possible straight 
() 


data, for a given carbon 


line through the points, determining a constant 


from its slope. If the published results are examined 


critically, however, it appears that the data might 
be better fitted by a curve which decreased in slope 
their 


10 


the higher 


at For example, 


temperatures. 
points for 1/7 values of less than about 7 X 
which may be considered the most reliable from the 
experimental viewpoint, can be fitted by a straight 
line with a slope significantly less than that required 
to fit the low temperature points. This is true for 
T plots [19]. Thus it 


diffusion 


all six published In D vs. | 
the 
austenite exhibits an effect qualitatively similar to 


appears possible that of carbon in 


that noted here for interstitial diffusion in Ta and 


Nb. 
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, the diffusivity 


| ollow ing Wert ind Zener 


in general be written 


D RI AS/R 


A exp 


where Q is the molar activation energy, AS the molar 
entropy change, and A the frequency factor for the 
\ formally 


vring’s reaction rate 


diffusion process. similar relation is given 


by the application of I theory 


to the diffusion process, except that the factor A is, 


in this case, a linear function of the temperature 
This difference makes only a trivial contribution to 


the results above temperatur ind the 


following statements may then be applied to either 
the rate theory development or that of Wert and 
Zener. 

\ssuming that both Q and AS may depend on thé 
temperature, the rel itionship between the slope Ol 


D vs. 1 T 


be omes 


the In urve and the activation enereg 


ad In D 
R 
| 
VY mai 
change tor the 


the definition ol 


Since the ictivation ener 


identified with the enthalp 


process, and since it follows from 


constant 


enth ilps that, at 


pressure 


All 
7 


two derivative terms in the 
vanish 


the 


proportl 


ol equation (& 


the slope ol 


D vs 


point is directly 


enere’ enthalpy change, 


even though the ict 


function of the 


it is usually pre 


emphasized by Zenet 


use Of expressions sucl 


unnecessarily rest t 


icted to s 
believed to be 1 rigorous const 


be 


were occurring by 


noted th 


It should 


two or more inde nad 


means ol 

‘cchanisms, each wit 

Iirvature ot tne 
oppos 

ind indicated 

would 


he 


provided that Il 


‘rsion of 
process, 
Same al il] 


Wert |10 


cal ulating 


temper il 
and 


the 


199 
7 
la-O no 
Ta-O 
la-O 
la-N 14.0 Ké 
10.5 \ng 
Ta-N 39.6 \ng, present 
Ta-N 398 \ll ibove 
Nb-O 97 .6 Ang 
Nb-O 26.0 \ng, present 
° Nb-O 26.3 All above 
53 Nb-N 38.6 Ang AS 
Nb-N 35.4 \ng, present 9) 
Nb-N 28. | prest 
for an curve at ar 
sumed to be. This fact | 
mi own activation energ 
the Vs | / piot we ] 
ca o that which is observed 
het data of Wells. Bat ne 
| ctivation energies for 
he mean valu Cl ed the 
ires. [The dat ot Ang nd 
values given in Table | ere 
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obtained on materials of low and approximately 


equal impurity content. Hence it does not appear 
that the observed decrease in slope is the result of 
inhomogeneity or concentration 


either structural 


differences, and a real temperature dependence of 
AH, or Q, is clearly indicated by the data. 
\ suggestion that must at least be considered is 


the hypothesis that the effective charge of an 


interstitial impurity, its degree of ionization, so to 


speak, may vary significantly with temperature in 
a transition metal. If the degree of ionization, and 
with it the effective ionic radius of the solute, were 
to change, the activation energy for diffusion 
should obviously be altered. Measurements of the 
temperature dependence of the electric resistivity 
should detect phenomena of this sort if they actually 
occur. 

With a single exception the present work may be 
said to corroborate the general findings of previous 
la and Nb, 

employed. 


The 
ittributed to 


investigators of interstitial diffusion in 


temperature range they 


is the case of carbon diffusion. 


ssibility < the eltects previoush 


carbon actually be due traces of oxygen is 
| withi ‘ limits of experimental error. It is the 
re-examin- 


Nb-C sy 


that a svstemati 


stems is 
ther tvpes of measurements on the 
the low temperature de rement ol Ta 
ting. Kelley [15] 

t anomaly in the neigh- 


which he 


the opening 


for this svsten attri- 


nges resulting from 


f freedom to he proton 


[16] has investigated 


irstens 


nagnetic resonance absorption line 


for the same system, over a wide range of 


He finds that a marked broadening 


line width occurs in the — 70°C region, 
that 


at these temperatures. On the basis of a 


immobilization of the protons is 


culation, Isenberg [17] had previously 
that hydrogen dissolved in any known 

ic lattice would be present in proton form 
In the light ol these observations, the dec rement 
discontinuities shown in Figure 6, at about — 70°C, 
10°, might be interpreted according to the hypo- 


11. The solid 


idealized experimental behavior of 


thetical scheme illustrated in Figure 
line shows the 


he Ta 


foil, while the dashed portion of the curve 


indicates a possible path that the svstem would like 


to have followed in the absence of anv ‘“‘freezing in 
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of the protons. The residual peak at about — 100°C 
in the hydrogenated foil may be interpreted as an 
indication that a fraction of the proton impurity 
remains free, in true interstitial solution, and in 
equilibrium with the much larger proton fraction 
bound to fixed lattice positions, at this temperature. 
The absence of a — 100°C maximum in the original 
material may simply be the result of a very low H 
concentration in the as-received Ta. 

foils after 


increment 


The gross hydrogen content of the 


hydrogenation, as determined by the 


ABOUT -70°C 


e shows 
represen 
the abst ( 


in weight, was about 10 atomic per 


0.1] 


mcrease 


content as received was_ probably than 


itomic per cent. The fact that such a 
18°C peak, 


arge 
in H content increased the in Figure 


6, only slightly more than it increased the general 


bac keround decrement appears to flavor one ol the 
following interpretations: 

1. The — 18° 
impurity. 

2. The peak is related to the H content, but is 
the 


peak is not related to the H 


associated with presence of H_ in particular 


lattice positions that are already almost saturated 
in the material originally supplied. 

The pure speculation outlined in Figure 11 can be 
tested by measurements at still higher vibrational 
frequencies. Wert [18] has recently observed that 
a straight line relationship results when activation 
the 


energies are plotted against temperatures at 


for a 


that H 


Ta follows this pattern, and, further, 


which the decrement maxima are observed 


given measuring frequency. Assuming 


diffusion in 


that the assumptions involved in Figure 11 are 


correct, the molar Q for Ta-H diffusion can be 


~ 
3 -103°C 
\ 
The exception 
“160 40 20 IC -80 60 -40 20 C 

TEMPERATURE IN °C 
r Gigh FiGuRE 11. Speculative plot of low temperature Ta 
TIOTI S! } } } lid in telu wl t th te: 
ition of d l Y ) Che soli ipproximately v e svstem 
ndi ec. did, the dashed Tne Sa guess as to What the system 

might have done i e of the postulated ‘‘freezing 
svstem, 
orhood ot — 70°C 
4 1 
] 

ndicatin 
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Since the 
70°C may be presumed to be 


estimated to be about 6. kilocalories. 


‘absorption edge”’ at 
relatively independent of 


measuring frequency, 


decrement determinations at frequencies greater 
than 850 kilocycles should show the postulated H 
the 


temperature scale. Such high frequency measure- 


peak moved above the absorption edge on 


ments are being prepared at the present time in this 
laboratory. 

The relatively high decrements observed below 
200°C after room temperature deformation of the 
foils, as shown in Figure 10 for Ta, are both time and 
temperature dependent. The time dependence leads 
to very large point scatter unless a constant rate of 
temperature increase and a definite measurement 
routine are rigorously adhered to. Dislocation 
damping, migration of interstitials of the parent 
lattice, or reorientation of vacancy pairs are obvious 
possible mechanisms here, but the present data is 
further 


too incomplete to make any statement 


This behavior is erased by vacuum anneals of less 
500°C, 


degrees less than the recrystallization temperatures, 


than an hour at which is several hundred 


to use a rather ambiguous term, for Ta and Nb. 
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A “SUB-REGULAR” SOLUTION MODEL AND ITS APPLICATION 
TO SOME BINARY ALLOY SYSTEMS* 


H. K. HARDY? 


properti been examined for binary solutions whose excess free enere’ 


AF=A r+ylny 
fractions; the model may be termed a 
lity curves of elements with the same 


atomic “sub-regular’’ solutio1 
terminal solub lattice structure Cal be 
yi + y2) RT In yi/y2 = — 4 
e the compositions in equilibrium. A straight line is obtained 
t A A») is independent of tempera- 
aluminium-zine and gold-platinum, and the high 
hloride solubility curve give nearly straight 


x as long as 


curves show appreciable deviations from a 


1er with potassium chloride—sodium chloride show a tempera 


} 
ide to the positional 


troduces an entropy term of similar magnit 


N MODELE D'UNE SOLUTION “SOUS-REGULIERE” ET SON APPLICATION A 
CERTAINS SYSTEMES D’ALLIAGES BINAIRES 
it des propriétés thermodynamigq 1es des solutions binaires dont xces 
i01 est do ee pal 
les fractions atomiques, le modél pe étre appelé une solutior 
s des courbes extrémes de solubilité, des éléments ayant la mém« 
écrites comme suit 
+ (4 \ 
le diagramme cde 
Ir autant, que 
t-platine, aluminium-zi 
ire de sodium-chlorure 


ites et 


approximativement des dri 


ickel montret le fortes déviations 
chlor ire de pot issium-¢ hlor ire de 


terme entropique d'une vale 


SUBREGULAREN” LOSUNG UND SEINE ANWENDUNG AUI 
INIGE BINARE LEGIERUNGSSYSTEMI 


ire Legierungen, 


-Platin, Aluminium-Zink, Gold-PI 
Natriumchlorid-Kaliumchlorid zeige 

i “Ssub-regulare”’ Lésunge 
nd Gold-Nickel zeigen erhebliche Abwe 
mchlorid-Natriumchlorid eine 


Dadurch wird ei Entropieterm ei gefiihrt der vo ce 


der Lage 


Gold-Kobalt 
zeigen ebenso wie Kalit 


difficulties which yield only slowly to analysis. 


Introduction Similarly, there are often 
restrictions on the thermodynamic 1 
‘ 


severe experimental 


neasurements ol 


\\ ith 1lew not ible ext eptions, the derivation and 


explanation of phase diagrams from the basi 
‘ *Received Decembe wz F 1952. 
stitute Stoke 


properties of the atoms is still beset with considerable tFulmer Research I: 
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The therm 0d y 
ol soluti Is givel b 
where ind y are the 
The equations for the 
rr 
1 inged as 
+ 
where the subscripts to ~ 
temperature part ol tl 
lines d approximate to sub-regular solutions 
rhe gold-iron, gold-cobalt and gold-nickel solubilit) 7 
straight line plot These svstems toget 
ture dependence of A; and A» which i 
entrop\ 
| 
d’éne 
reé 
ret 
de ga 
et or 
d trace droit Dans ces svstemes i Sl que dans le svstéme 
semb] lea entropie de positio 
) 
AF=A y + Aoxy rAd rT yiny 
vege It S rade tersucht Dabe sind a d y At mmprozente Dieses Modell ka ils S 
reg lare | S bezeicl et werd Lic Gleichunge di rve der maximale Loéslichkeit 
Elementen gleicher Gitterstruktur kénnen wie folgt geschrieben werd 
1 { { 
Kd r rs RT | i i 
wobei die Indices der d y die Verbindungen im Gleiche 
rat lemperatur ist, erhalt man eine Gradg¢ 
veg ftragt. Die Systeme Silber-Kupfer, Si 
d. be here lemperaturt die Léslichkeitskurve 
einen be he gradlinigen Zusammenhang und sind ange 
Die Léslichkeitskurve von Gold-Eisen, 
ct ort der Gradh igkelt Diese Syste 
lemperaturabhangigkeit von 4; und 
gleichen Gréssenord g wie die Entropie ist 
ee Poges, Bucks, England 
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solid alloys. It is therefore of interest to examine the B 


thermodynamic properties obtained by fitting the 


solubility data to semi-empirical expressions. produces the sub-regular solution. 


The regular solution hypothesis developed by he same expression results when terms a1 
Hildebrand |1; 2; 3] is now well established and has to the regular solution equation to allow 
proved a simple means of describing the properties difference in the atomic sizes of mutuall 
of many solutions. Refinements have included a new metals and 

expression for the entropy of mixing in the strictly AH 

regular solution model of Fowler and Guggenheim 
whilst Scatchard |5; 6] and Hildebrand [3] 
have calculated the excess molar heat of solution in 
terms of the volume fractions and exchange inter- 
action energy (V = 2Vxy — (Vxx + Vyy)). In all) According to Lawson {1 
regular solution treatments the exchange interaction 
energy is held independent of composition, although 
Guggenheim has generalised a temperature depen- 


dence [7]. Hildebrand’s analysis contains the further Where G is the shear modulus and 


assumption that (Vxy)* = Vxx * Vyy. Lumsden [8] volume. Heumann [15 
has avoided a regular solution basis by using a van 
Laar type of equation in deriving the free energy 
relationships in a number of alloy systems. 
Since the final equations for the free energy always 
contain a number of arbitrary constants, it was 
decided to avoid a detailed analysis but to investi- where / is the temperature coefficient 
gate the properties of a simple regular solution model — expansion and y is the compressibility, 
in which the exchange interaction energy was allowed are the molar volumes at absolut 
to vary linearly with concentration, and in which a melting point, 7 is taken as the mean tem] 
temperature dependence was not excluded. The of the melting points of the two metal 
results of testing this model against a number of equations (3) and (4) give signific: 
binary solid solutions are also discussed to the heat of solution ‘d allove 
Even though equation (: is bee! 
OUSI\, man Ol prope 
The excess molar heat of solution \ solution have not been exami! 
solid solution is given by em atom is given br 


AH = xy 5) F 


= Axy, 


where Z is the co-ordination number, .V is Avogadro's 
number, Vyy, Vyy, and Vyy are the interaction 
energies, and x and y are the atomic fractions of the 
X and Y components. 

The next most simple assumption is to make A 


a rectilinear function of composition so that 

Differentiation 

R17 
and the model may logically be termed ‘“‘sub 
regular."’ Equation (2) has been used in several 
instances |9; 10; 11] as a two-constant alternative to 
the van Laar expression for the activity ‘composition 
relation of organic solutions. Retaining the first two 
terms in (Guggenheim’s symmetrical expansion 


(12; 13], 
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—- » (Bo +B 
| 

Botl 
RT In t 2A A 
6 2A 2A 
u + RT In 2A 
2A 2A 
+ 2A 3 +- 2A 3 
+ 24, (6 + 2A 6 
+ 2A 3 + 2A | 
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= O uy 
(7d 
y 
The curve is 
equations (7a 
(8 RT = 2x°y(2A; — Ao) + — A, 


(7d 


phase 


spinodal obtained by equating 


or (7c) to zero so that 


Equations (7b) and are also zero at the 


critical point for separation, subtracting 


gives 


equation (7d) trom (7b) and re-arranging 
(9 RT (x — y) = 6x" (A, — Az). 


Solving between equations (8) and gives A, 


and A 2 


at the critical point and 


( — Ox. + 10. — 2 


Ox. 
« 


0x. v 


+ 10y, — 2 


The values of A; and A» corresponding to different 


critical concentrations are shown in Figure 1. A, = 
As = ZRT, when x, = 


to these for a regular solution with a symmetrical 


0.5 and the equations reduce 


solubility curve. The difference between A, and A: 


+4 


RTc 


Critical Concentration 


as x, deviates from the equiatomic compo- 


is zero when x, = 0.26 and 0.85. Solubility 


sition. A, 
which are 
and A 
lhe integral molar heats of solution are shown in 
and A; 
riate to different critical compositions (A; and A 
0.8 requires that 


curves very strongly asymmetrical 


require both A, to be negative. 


Figures 2 and 3 for the values of A, 


rig approp- 
independent of temperature); x, = 
the curve shall contain both negative and positive 
values. It is of interest to note that Meijering [16] 
has proposed a curve of similar form for aluminium- 
copper alloys which was derived by calculation 
the 


solubility of 


from measured heats of formation and 


aluminium. A_ strongly 
x, = 0.9 


copper in 


negative curve is obtained when and 
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would probably be interrupted by ordering reactions. 
The right-hand side of Figure 3 is concave down- 
wards. It is not clear how far the sub-regular solution 
model can be relied on when the critical composition 


4 
Atomic Fraction 


FIGURE 2. he integral molar heat of solution for A; and 


A» corresponding to the indicated values of x¢. 

is rather distant from the equiatomic ratio as the 

numerical values of A; and A» become rather large. 
If the same values of A; and A» apply at 0°K, the 

solubility will be zero at both sides of the diagram 


when x, lies between 0.26 and 0.74. Some degree of 


Fraction 


Atomic 


tegral molar heat of solution for A; and 
= ().9. 


FiGuRE 3. The in 
1. correspol dit 9 tO x 


solubility at one side of the diagram at all tempera- 
tures can be predicted when x, lies outside this range 
(A, and A» held independent of temperature). 

The activity/composition curves at 7, are given 
that in dilute 


approximates to 


in Figure 4, and it will be noted 
solutions the 
Raoult’s Law whilst the solute obeys Henry’s Law. 
When x. = 0.8 both 


positive and negative deviations—a situation which 


solvent always 


the activity curves show 


is met in liquid aluminium-silver alloys [17] and in 
several other systems based on palladium [18]. 


Xe= 
os/'/ \ 
\\ 
re \\ 
/ 
R71 \ 
A, = / \ 
LO 
A, = (— 9y: 
4 
\ / 
\ / 
+ 
\ 4 
T 
A2 Ai 
/ 
ob 4 
| 
He 
/ 
| 
Xe = O'9 
URE | Values Of A ind A» corresponding to ditterent RT \ 4 
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The solid solubility boundaries are defined by the 
conditions 
(lla) 
(11b) 


ux(1) = ux(2), 
= py(2), 
making the chemical potential of each component 
equal in the equilibrium co-existing phases. The 
values of A; and Az» in equation (6) can thus be 
calculated from the solubility data at any tempera- 


ture, since the terms in u® cancel in equations (11 


1-On- 


ay 
ay 


Y x 


FIGURE 4. \ctivity/composition curves 


temperature for different critical compositio 


as long as the two terminal solid solutions have the 
same lattice structure. Only systems in which it is 
hypothetically possible to have unlimited solubility 
above a critical temperature (which may be above 
the melting point) are dealt with in the present work. 
Subtracting equations (lla) and (11b), inserting 
the values from equations (6) and re-arranging 
leads to 
(12) RT In — RT In yi 


— Ay(x1 — 


where %1, X2, Vi, and ye are the atomic fractions at the 
solubility curves. This may be compared with the 
equation for the solubility curve of a regular solution 


which is 


SOLUTION MODEI 


(13 RT — A(x 0 


Multiplying equation lla by \ - x ind 


equation (1lb) by (y, , adding and simplifving 


gives 


(14 


in which both sides are zero for a regular solution. 


When the left-hand side is plotted against (x, \ 
a straight line passing through the origin al 1 fl 


will be obtained as long as A; — Ag is independent 


oil temperature. 


The interpretation of A, 2 is not limited to 


heats of solution but they can also be identified 


with a free energy of solution. They will then be 


temperature dependent, but this in no way influences 


the previous analysis which has, in effect, been 


carried out at constant temperature. The entropy 


and heat of solution must of course be obtained by 
differentiation of equation (5) and the latter is no 


longer given by equation (2 


Test of the Sub-Regular Solution Model 


Che sub-regulat solution model has been tested 


for a number of binarv metallic solutions by 


the function ag \ J The 


/ 


cal /mole 


100r Temperature 
Range of Points 
Plotted, °C 
Ag—Cu O 78O—600 
Ag—Pt + 1185 —750} 
Ai—Zn A 350-275 
Au-Co x 980-500 
Au—Fe 115SO—900 
Au—Ni @ 820— 400 
Au—Pt o 1200-950 
NaCi—KCi 500-275 


= (x; -x2) 


data were read from the published curves, 
med to atomic percentages, plotted on a 

and smooth curves drawn from which the va 
he results are shown in 


x, and x» were obtained. 


Figure 5 where logarithmic plotting has been used 


ran) \ T \ R7 In 1/2 
+ + yo) RT In y 
|_| 
A A 

Y 
1-0 
| ay 

| Ox 

| 
| | 
953 
dy 
a 
x 
1000} ee 4 
4 
| 
y 
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order to wide 
Data 


regular solution model should plot as a straight line 


for both co-ordinates in cover a 


compositional range. which obey the sub- 
with a 15° slope and the distance along the ordinate 
0, log — (4 \ | «= &) 
A,—A: 


were determined 


irom the point log o 
to the experimental line is the logarithm of 


and A 
and (14 


Che numerical values of A, 
from equations (12 
Silver-Cop per 
Handbook 19 


It will be seen from Figure 


Metals 


rom 


5 that a straight line 


ot unit slope can be drawn through the more reliable 


experimental points. Plotting on linear co-ordinates 


| igure if) allowed the straight line to be extrapola- 


ted through the origin. The points for the two 


T 


X1052°K 


temperatures are rather distant the 


line. As o 


it will vary 


Irom 


contains the ratio 4 \ and 
pidly at low solubilities and the 
experimental data may be slightly at fault. 

Phe did 
temperature dependence ot A ind A» to be 


and A 


the atomic 


small temperature range not allow the 


estab- 
1640 


fraction of 


om itom 
Was 
would be at 


1390 


critical composition 


with a maximum heat of solution of 


m atom in good 


agreement 
Scheil [20], a method of 


1400 cal 


using 


with those civen by 


graphical integration, of 0.6 and om 


itom. 


Silver-Platinum Alloys (Solubi 


2] 


ity Data from Hansen 


ilmost perfect straight-line fit was obtained 


Was plotted against \ oe 
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Figure 5, which could be extrapolated to pass through 
the origin of linear co-ordinates. The values obtained 
A, = 2940 + 1.35 RT 
— 300 + 1.7 RT cal/gm atom, with x as the 


were cal/gm atom and 
A; = 
atomic fraction of platinum, showing only a small 
variation of (A; — A») over the temperature range 
of the experimental solubility curves. The excess 
solution entropy of the alloys is less than in an ideal 
solution tor example the temperature dependence 
of A, and A> 0.8 cal/°C 


at the equiatomic composition. The heat of solution 


introduces an entropy ol 


of the silver-rich alloys will be small or even negative. 


Aluminium-Zine 
[99] 


Alloys (Solubility Data from Raynor 


Figures 5 and 7 show how the plot of @ against 


(xy — 4 deviates only slightly from a straight 
line over the small temperature range investigated. 
Phe individual values of A; and A» are best given by 
A, = 2700 cal/gm and A — 240 + 1.73 


RT cal/gm atom, with x as the atomic fraction of 


atom 


A 598° 


4 
623° 


re) — (x; — 


FIGURE 7 alu of the fur 
aluminium-zin¢ 


n of aluminium 


aluminium. The heat of solution is small or even 


negative at the zinc-rich side, and there is a negative 
contribution to the the 


entropy particularly in 


zinc-rich alloys. 


Gold-Platinum from 


[23] 


Sub-regular solution behaviour is shown by 


A loys (So ubility Data 


the 
straight line in Figure 5. The solubility curve gave 
A, = 6600 A» = 1320 + 1.17 
RT cal/gm atom, when x was the atomic fraction of 

A, — As 2430 to 1920 
1200° maximum 
contribution to 


cal/gm atom. and 


changes from 
950°C. 


entropy ol 


platinum. 
There is 
— 0.5: 


and 
the 


between 


x 0.33. 


2 
673° x 
773° X 
2000} 
cal J 
mole 
973° 
a cal 
1000 x 
of 
50 
/ 
3 
— x2) VA 
\ olid solutio whe s the 
shed A H620 cal ee 
copper The 
Ar 
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TION MODI 


SOLI 


rABLE | 


VALUES OF THE APPARENT ENTROPY 


OAF 
a7 


AS 


System 


X 


\u-Fe 
Au-Co 


Au-Ni 
KCl-NaCl 


Gold-Iron Alloys (Solubility Data from Raub and 

Walter |24}) 

Gold-Cobalt Alloys (Solubility Data 

Walter {24]) 

Gold-Nickel Alloys 

Handbook |25}|) 
The 


shallow curves when @ was plotted 


from Raub and 


(Solubi ily Data from 


gold-iron and gold-nickel solubility data 


against 
gold-cobalt 


pro- 


whilst the system 


T 


cal / mole 


—8000 


of the Au—Fe System 


A2 


i200 1400 


oK 


Values of A; and A» calculated from t 


and gold-nickel 


FIGURE 8 
bilitv curves of gold-iron, gold-cobalt, 
when x is the atomic fraction of iron, cobalt, or nickel 
right-hand ordinate should be used for A» in the gold 
system. 
marked curvature (see Figure 5 


duced a very 


The calculated values of A; and A» are shown in 


Figure 8 with x as the atomic fraction of the tran- 


[ERM IN CAL/DEGREE/GM 


OA 


1, values of the gold-cobalt and 


| he d 


allovs 


sition element. 


eold-nickel through a maximum with 


pass 
increasing temperature, but their A» values decrease 


continuously. The strongly negative values of A 


the gold-iron system reflect the extremel 
metrical nature of the solubility curve 
\ssuming the sub-regular solution conditiot 


A, and A» are 


entropy to 


composition 


independe nt ol 


the apparent ulated from 


slope of the curves in . At the 


temperatures this term is given by the 


lable 


tional 


seen that 


from which it wi 


it thermodynamik 


appar nt 


position il entrop\ il the Same compositl nN 


bach et al. [26] have reported th 


measurements gave the entropy of mixing of gold 


nickel illovs is twice the pos il entrop' 


interpreted the result in terms 


change accompanying the filling 


nickel. The sub-regular solution model is un 


such complex systems, but the 


the tree energy ot solut ind solub 


ire markedly affected by t manne 


electronic state of the 


temperature 


Pota 
ty Data from Scheil and Sta 
Che solubility curve plotte 
shows d 


the upper temperature range, but 


curvature at lower temperatu 


and A» are 


fraction 


marked 
values of A given 
the molecular 
decrease with increasing temperature 

temperatures when 


\ccording 


are very similar at low 


solution is approximately regular. 
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Table I there is at the critical 


temperature of approximately the same magnitude 


an apparent entropy 


as the positional entropy. 


S000; 


700 5, 800 


lated from the solid 


molecular fraction 


Values of A ind A» cak 
NaCl-KCI whe 


FIGURI 
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NaCl 


. 
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Cadmium-Zinc System (Solubii rom Hansen 


[OR 


ay da la 


the eutectic tempera- 
and A» = 4540 


cal/gm atom, when x is the atomic fraction of zinc. 


The mutual solubilities at 
ture give A, = 3800 cal/gm atom 


his is equivalent to a maximum integral molar 
1040 cal at x 
with 960 cal calculated by Scheil [20]. 


heat of solution of 0.45 compared 


Discussion of Results 


The systems silver-copper, silver-platinum, alu- 
minium-zine, gold-platinum and the upper tempera- 
ture part of the potassium chloride—sodium chloride 
sub-regular solutions 
and A: 
slightly over the temperature ranges investiga- 
The 


and 
svstems show extraneous effects 


behave approximately, as 


because the difference between A changes 


only 


ted. gold-iron, gold-cobalt, gvold-ni kel 
and cannot be held 
to be sub-regular solutions. 


and A 


temperature 


The values of A, are either constant or 


increase with in the systems silver- 


copper, silver-platinum, aluminium-zinc, and gold- 


platinum. An increase could be interpreted to mean 


that the difference in atomic sizes are ettectivels 


increased due to differences in the thermal co- 


efficient of expansion so that the lattice strain 


enereg’ becomes higher 


A, and A 


perature is 


greater at temperatures. 
tend to become more equal as the tem- 
This 
but 


raised. may be due simply to 


temperature effects, in part probably results 


from the fact that the solutions in equilibrium are 
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becoming closer in composition and consequently 
lattice The 
entropy term is surprising in view of the fact that 


closer in characteristics. negative 


terminal solid solutions, certainly of aluminium 
alloys, show evidence of a positive entropy term due 
to additional vibrational freedom [29; 30]. 

The values of A; and A» decrease at high tempera- 
tures in the systems gold-iron, gold-nickel, gold- 
cobalt, 


This introduces a positive entropy of the same order 


and potassium chloride-sodium chloride. 
as the positional entropy. 

The phenomenological approach and the assump- 
the that 


linearly 


tion in model the exchange interaction 


energy varies with composition forbid a 
detailed discussion of the temperature dependence 
of A, and A». On the other hand a simple extension 
of the the 


asymmetrical solubility curves of several svstems to 


regular solution theory has enabled 


be described by an equation containing only one 


arbitrary constant—namely (A; — A; 
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the tangent to the activity composition curves tor 
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BC compound is based on the assumption that the 
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peratures. This can only occur if the interaction 
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12], that is the locus of Figure 7 gives the critical temperature for phase 


The spinodal curve 
separation as a function of the value of z. The results 
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than the ordering reaction. For values of x less than 
0.5, the ordering reaction accentuates the tendency 
gap as phase separation 


to form a _ miscibility 


occurs at a higher temperature than in the absence 


of ordering. (See Note Added in Proof, p. 217.) 


Variable Energy Parameters 


The interaction energy parameters W. and W, 
have been held constant and independent of tem- 
perature, composition, and degree of order. W, will 
now be replaced by W, (1 + cyS?*) to allow for the 
possibility of a difference in the exchange interaction 
energy of the AB and AC atoms in the ordered and 
disordered states. 

Equation (8), with = o becomes 


(16 S = tanh 


The second term on the right-hand side does not 


affect the type of transformation and has been 


chosen so that it is zero when o = 0, c = 0, x = 1, 
and x = 0. The critical temperature for ordering 
falls linearly with composition as long as oc = 0, 


but Figure 8 shows how positive and negative 


values introduce curvilinear relations. The curves 
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It is to be expected that the loci of equal values of 


S and the shapes of the spinodal curves will reflect 
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the form of the curves in Figure 8 when ac is not 
zero. The exact solutions would be « ompli¢ ated and, 
in view of the doubtful reliability of the model, they 


have not been worked out. 
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W, are negative but W,” positive. 


phase separation occurs at about and at 
70-75 


critical composition would be 


per cent iron. According to 
is between 
between — | 
W.’ and 
A narrow 
the 


that 


two-phase region is to be expected 


between ordered and disordered solutions at 


zs and at temperatures 


Although the 


a slight curvature this two- 


compositions away from y 
that 
boundaries would have 


above for phase separation. 


phase region would be directed towards 7/7) = 1 


at x = 0. However, Figures 1(4) and l(c) indicate 


that the two-phase funnel extends almost vertically. 


It is clear from Figure 8 that negative values of 


negative exchange interaction energies 


the A-B and A-C 


state) would rotate the two-phase funnel towards the 


oC (more 


between atoms in the ordered 


vertical plane. 

In view of the approximations involved. in the 
theoretical model the qualitative agreement with 
the experimental phase diagram is quite satisfactory 
sradlev’s diagram and the theoretical approach 
suggest that a two-phase funnel should be sought in 
the section of the ternary copper-nickel-aluminium 
from 8 — Cu;Al to NiAl [13 
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APPENDIX I 


The Physical Significance of the Bragg and 
Williams Long Range Order Parameter 


1 


Bragg and Williams [7; 8] defined their long 


parameter in terms of the probabi 


order lity that 


given lattice position was filled by an atom of the 


Barrett 14 has interpreted the degree 
AB case as “the 


right position 


long distance order tor the 
fraction of atoms that are in then 


POSItLONS 


that are in 


used in identical 


AB and A 


sition 


minus the fraction wrong 


Matsuda 


studying the 


definition when 


B order-disorder reactions 


\ number of mathe- 


in allovs oft 
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matical definitions have been reviewed by Klein 


15] but 


they do not in themselves offer a clear 


picture of the ordering process. 
The following interpretation of the Bragg and 

Williams parameter appears to be new and has been 

approxi- 


found to cover all cases within the ‘‘zeroth”’ 


mation in a particularly simple manner. The long 


range order parameter is taken as the fraction ot 
wrongly placed atoms on a given sublattice in the 


disordered state which have been transferred to 
their correct positions. An example will be taken to 
show how this definition leads easily to the equations 
for the fraction of correctly or incorre tly occupied 
sites. 

sites of xN A 
the 
interpenetrating 


ordered A, B, 


placed on the sublattices of 


Consider an alloy on WN lattice 
atoms, y.V B atoms, and zN C 
three 


atoms. Let 
made up trom 


that 


lattice be 
sublattices such the correctly 
and C 


tvpes J, JJ, and J// respectively. The numbers of 


atoms will be 


correctly ordered atoms are given by 


+ on 77 


in which, for example, 77 signifies the fraction of the 
I lattice sites correctly occupied by the A atoms, 
n, is the fraction of the N lattice sites constituting 
the J-sublattice, and S’7;°‘ is the fraction of A 


TI-sublattice in 


have 


itoms which were on the the 


disordered state and which been transferred 


[-sublattice. 


toms are assumed to interchange to produce two 


to the Since two incorrectly ordered 


orrectly ordered atoms the following identities 


the 
assumption is made that for each species (A, B, or 


We shall examine only the case in which 


C) the same fraction of wrongly ordered atoms is 
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simultaneously transferred from each sublattice to 


the correct lattice and 


AA 


) 


Equations (A.2) and (A.4) can be used to simplify 


equations (A.1) leading to 


+ nr; 
S4, Sz, and Se can have any value between zero 


and unity but it is convenient to choose the set of 


equations for which S = 1 corresponds to full order. 
The equations based on S, would then be used as 


long ads 


and by letting x equal various fractions of nu, 
it is readily shown that S, can have any value up to 
unity within the compositional triangle BOC in 
Figure 9. The equations based on Sz, would be used 
in the area COA and on S¢ in the area AOB. 

The number of wrongly ordered B atoms on the 
I-sublattice 


disordered state 


is clearly the number the 


less the number transferred to the 


present in 


[I-sublattice by ordering and 


Nry 
Ny 


rS 


iy 
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ry 
Nery 
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Nrri 
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lhe method can easily be extended to any number Bracc, W. | 
of sublattices and allowance made for one species AIS1 (1935) 540 
9. BeTHE, H 
Matsi 


SLATI 


of atom correctly occupying more than one sub- 


lattice. The generality of equation (A.3) can also be 


BARR 
Hill, 1943), 
IN, 


\DACHI, K 
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FIGURE 9 The ordered compound at O has the compos 
> 
tion x = 7, y = M77, 2 = Mzz7 for the atomic fractions of Note Added in Proof 
1, B, and C, respectively 
sat \ more complete 
‘ body, centred 
retained and the free energy equation would then 


be minimised for the different species of S to give 


sublattices he finds tha 
the equilibrium distribution of atoms over the 


j structure 1s replaced 
sublattices. 


xt > 0.5 so that the line | in Figure 
interrupted at this point. However thi 
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THE MOVEMENT OF TWINS, KINKS, AND MOSAIC WALLS IN ZINC* 


P. L. PRATT and S. F. PUGH 


| he nuc leatio1 al d CO trolled smooth growth ol twins, seen on the ( leavage face under the opaque- 
stop microscope, is accompanied by an increase both in width and angle of the parallel accommodation 
Che movement under stress of these kink planes, and also of curved mosaic walls, is discussed 
Ihe existence of non-basal plane slip in zinc is deduced from 
in the fully annealed crystal. 


kink. 
terms of their dislocation content. 


the mobility of curved walls which are stable 


LE MOUVEMENT DES MACLES, PLIS (KINKS) ET JOINTS DE LA STRUCTURE 


MOSAIQUE DANS LE ZINC 


La germination et la croissance réguliére des macles, vues sur la face de clivage sous un microscope 
a arrét opaque, sont accompagnées d'un accroissement de la largeur et de l’angle du pli (kink) 
paralléle d’adaptation. Le mouvement de ces plans de pliage, ainsi que des joints de la structure 
mosaique, engendré par une tension, est discuté en termes de la quantité de dislocations qu’ils 
contiennent. L’existence d’un glissement qui ne s’opére pas sur le plan de base dans le zinc est déduit 
de la mobilité des joints courbés, qui sont stables dans un cristal complétement recuit. 


DIE BEWEGUNG VON ZWILLINGEN, “KINKS"” UND MOSAIKWANDEN IN ZINK 


Die Keimbildung und das kontrollierte gleichformige Wachstum von Zwillingskristallen, beobachtet 
auf der Spaltflache mit einem Undurchsichtigsperrung Mikroskop, ist sowohl von einer Zunahme in 
der Dicke wie auch von einer Vergrésserung des Winkelsdes parallelen ‘‘Accomodationkinks”’ begleitet 
Die Bewegung dieser ‘“‘Kinkebenen” und der gekriimmten Mosaikwande unter Spannung wird als 
Funktion ihres Versetzungsgehalts diskutiert. Aus der Beweglichkeit der gekriimmten Wande, die 
in einem vollkommen ausgegliihten Kristall bestandig sind, wird das Vorhandensein von Gleitung 
3asisebene des Zinkkristalls geschlossen. 


iuf andere Ebenen als der 


In Figure 2 a narrow twin trace can be seen 


Introduction 


The appearance of twins and their accommodation 


kinks on the cleavage face of zinc single crystals has 


been described by a number of authors |1; 2; 3], and 


results of their investigations agree in detail. 


the 
To study the growth of these twins, and the method 


of formation of the kinks, a straining device has 


been fitted to the stage ol the Opaque-stop micro- 
scope. 
cleaved from a 


Specimens in the form of discs, 


0.5” diameter single crystal rod of 99.999 per cent 


purity are inserted in the machine, Figure 1, behind 
the slot AB with a possible twin trace nearly vertical. 
By turning the screw /, a bending stress is applied 


ibout 


tension on the outer face of the crvstal, are revealed 


the vertical axis such that twins, formed in 


by traces in or near the vertical direction. 
Experimental Observations 
Twins 


a small 
te and grow rapidly both in length and width 


and Kinks 
mount of strain, twins were seen to 
the basal plane until the stresses were relaxed. 


his sudden initial growth was accompanied by the 


rate of growth was determined by the rate of strain- 


noise. Once nucleated however, the 


iar clicking 


ing, and twins could be made to grow slowly and 


smoothly without further audible clicks, in agree- 


ment with the findings of Jillson [4] 


22, 1952. 
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running almost vertically, with a wide accommoda- 
tion kink on the left of the twin; parallel deformation 
markings, with a fine structure, extend over the 
field of view at 30° to the twin and normal to the 
run of the cleavage markings. After further straining, 
Figure 3, the twin increased in width, and the 
accommodation kink became correspondingly wider. 
The controlled advance of the small vertical twin 
at the bottom of Figure 4 is shown in Figures 5-7. 
The parallel accommodation kink was displaced 
from the twin, and, instead of decreasing in width 
towards the tip of the twin it decreased in angle so 
that the end but faintly in the figures. 
As straining proceeded, the twin advanced slowly 


the 


appears 


and readily penetrated straight deformation 
markings running down from the top left corner. 
The twin grew thicker and longer until, Figure 7, 
it had completely crossed the field of view, and 
simultaneously the accommodation kink on the left 
of the twin advanced and increased in width and 
angular tilt as the twin thickened. Faint markings, 
parallel to the second order kink traces at 30° to the 
advancing twin, developed at first in the left-hand 
side of Figure 5 and finally covered the whole field 
of view in Figure 7. The mosaic boundary in the top 
left-hand corner moved upward steadily, in Figures 
5 and 6, leaving a trace behind it, and similarly the 
boundary in the bottom left corner moved down to 
the right, Figures 6 and 7. 

The steady and continuous growth of twins was 


frequently prevented by various types of lattice 
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mosaic boundaries under stress (20 
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/ 
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PLaTe Il, Figures 8-10—The increase of mosaic angle, and movement of i ). 
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imperfection. Twins advancing across a specimen Behaviour of Mosaics under Stre 

were temporarily delayed at scratches on the [he movement of mosaic boundaries under stress 
surface until a sufficient stress had built up to force fas been noted in the previous section on Figures 
the twin through the deformed lattice near the 4-7. and this behaviour was observed in most of the 
scratch; once this region was penetrated and crossed — ¢rystals possessing a macro-mosaic structure. In 
the stress was dissipated by a rapid advance of the addition, the disorientation between neighbourin: 
twin tip. Twins were held up by twins of other  ynits of the mosaic often increased with deformation. 


and this is illustrated in Figures 8-10. After each 


successive strain, the opaq 1e Stop Was reset To the 


position of maximum contrast. The mosai 


Figure 8 is of the order of 
two main boundary lines, AB 
markings, perpendicular 

in be seen Ovel the whok 
straining, and resettil 
angle boundary, AC, is mor 


presumably to increased mosai 


further straining, Figure 10, the disorient 


exceeded 1°. By noting the position of the 
rel itive tod ISI parti les ind m irk ngsont 


movement of the boundary AB can be cl 


throughout the series of figures. Onh 
daries present in the cr 

been developed ; ho \ boundaries 
created lo determine tl tability of 
boundaries specimen 
temperatures 


change 


liquid air temper 
ccommodation ki 


ind this wa 


holds, the 
way trom 


FIGURI l Deformatio ipparatus lor with ¢ i S the twin becomes thick 
stop microscope. The specime s shown at | 
room temperature shows 


systems, and a large increase of stress was required ire fully mobile, and ¢ 
to propagate the twin on the other side ot the 

barrier, since the {1012}! twins in zinc do not form 

true intersections. Twin growth was also impeded 

bv relaxation of the necessary high stresses near the 

twin tip, in the form of end accommodation kinks — frequently observed wi 
described previously. As the stress was increased, the grow wider, the angle 
twin eventually broke through the kink and advan- limit; but the kink bar 
ced rapidly, leaving traces ol the end accommoda- this st ive, so that the w dtl 
tion on the surface. Detwinning of twins with — from perh: n times to 
parallel accommodation kinks was _ occasionally win. Once the kink an 
observed. A new kink of opposite slope was formed — limit, the width is mor 
close to the twin, and this moved out to absorb the f the twin 


original kink as the detwinning proceeded. limited 
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leading edge of the twin, which is limited by the 


maximum shear gradient permissible in the material. 
Washburn 


mobility ot a 


and Parker |6] have described the 


growth mosaic wall in a slip 


straight 


direction on the surtace of a thin cleavage water. 


In an analogous manner, » mobility of an accom- 


modation been demonstrated in 


kink plane 


in a direction at right 
In each case the move- 
ment was produced by ‘ar stress parallel to 
Both 


considered to be pl ines ol edge dislo ations ol like 


the wall mosaic wall and kink plane are 


sign normal to the surface, separating areas in the 


first case disoriented by 2°, and in the second by 


ibout 15’. The straight mosaic wall at right angles 
to the slip direction is composed of dislocations all 
having the same Burgers’ vectors lying in that slip 
direction; while the straight kink plane is composed 
alternately in 


60° to 


of dislocations with Burgers’ vectors 


the other two slip directions at the wall. 


Che more general case Ol the movement ol curved 


mosaic walls in a direction inclined to the slip 


dire¢ tion h is been observed In the case ol bending 


ibout an arbitrary axis,as in Figures 10. The stress 


system is complex in the straining machine, but only 


those boundaries on the tensile surlace ol the 


sper imen, al 15” to the iXIS ol bending and therefore 


15° to the tension axis, were seen to move. From 


his it may be con luded that a shear stress parallel 


he mosaic wall is necessary for the wall to move. 


Curved mosaic walls if thev are to be stable in the 


fully 


annealed cTrvVvstal, must consist ol a complex 


of dislocations. This array must involve some 


th does not lie in the basal 


itions whose leng 


while all may be mixed edge and screw 


Theretore, when such curved walls move. 


be confined to the basal plane alone 


evidence tor non-basal plane slip in zin 


irom sore 


recent experiments of Craig and 
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Chalmers [8] who measured the rotation due to slip 
in bicrvstals of zinc near the grain boundary. 

In addition to the movement of the mosaic walls 
under stress an increase in the disorientation between 
elements of the mosaic was observed. For specimens 
deformed by bending during cleavage it was found 
that mosaic angles im reased on boundaries lving 
whereas in the straining 
The 


the mosaic 


close to the axis of bending, 


machine this correlation was not obvious. 
increase of angle between elements of 
can be explained by an increase in the dislocation 
content of the walls separating them. Dislocations 
already in the CTY stal together with others formed 
during straining, are swept into the walls as the angle 
increases, in a similar manner to the recent explana- 
of “‘cell-formation” by Greenough, Bateman, 
Smith In tact 


ck 


tion 


and this type of deformation 


appears to be related to cell-formation, 
but for the fact that the mosaic elements exist prior 
to the deformation. 

The authors wish to thank Dr. H. M. Finniston 
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Director, A.E.R.E., 


Harwell for permission to publish these extracts 
from M/R 1031. 
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STRESS-INDUCED MOVEMENT OF CRYSTAL BOUNDARIES’ 
CHOH HSIEN LI, E. H. EDWARDS, J. WASHBURN, and E. R. PARKER} 


rhe stress-induced movement of small angle boundaries in zi 
temperature range of 25° to 400°C. The dynamic behavior of the 
they consist of an array of edge dislocations of like sign distribut 
plane of the boundary. The activation energy for the movement of t 
range of 300 to 400°C was determined to be about 21.500 calories | 


the « lose agreement between this value and those of the activ: l 
and recovery in zinc crystals. A mechanism was suggested for the 


ti 
( 


crystals plastically deformed at low temperatures which depended ot 
ment of small angle boundaries. This mechanism was based on observatio 
motion decreased with increasing boundary angle. Small angle bout 
those of larger angle, forming slower moving, or *n stationary 


MOUVEMENT DE JOINTS INTERCRISTALLINS INDUI1 : NSION 


| e mouvement de jointsa petit angle dans ce s cristaux de z nc, ind it par u I 
entre les températures de 25° et 400°C. Le comportement dynamique des joi 
qu'il consiste en une rangée de dislocations du type Taylor-Orowan, de mém 
plus ou moins uniformément dans le plan du joint. Il a été trouvé, que l’énerg ’ 
pour le mouvement des joints entre les températures de 300° et 400°C 
par mole. L’attention fut attirée par le fait, que cette valeur était ti 
d’activation dans les phénoménes d’auto-diffusion, fluage et restauration dans 
Un mécanisme a été suggéré pour la formation d’une sous-structure da 
plastiquement aux basses températures, dépendant seulement du mouvem« 
induit par une tension. Ce mécanisme était basé sur des observations, 
des joints diminuait quand l’angle des joints augmentait. Les joi 
s'unissaient a ceux a grand angle pour former des joints de sous-stt 
lentement ou restaient méme stationnaires 


lecessiter 


stribuées 


DIE BEWEGUNG VON KORNGRENZEN NTER ZUGSPANNUNG 


Die durch Zugspannungen hervorgerufene Bewegu! 
wurde in einem Temperaturbereich von 25° bis 400 
Korngrenzen scheint zu erfordern, dass sie aus eine 
tions’’) gleichen Vorzeichens bestehen, die mehr oder we 
grenze verteilt sind. Die Aktivierungsenergie der Beweg 
zwischen 300° und 400° C wurde zu etwa 21.500 ¢ 
Ubereinstimmung dieses Wertes mit der Aktiviet 
und der Erholung im Zink besonders hingewiese 
in bei tiefen Temperaturen plastisch verformten Kristal 
erfordert nur die durch die Zugspannung hervorgeruf 
griindet sich auf Beobachtungen, dass die Beweg 
mendem Korngrenzenwinkel abnimmt. Kleinwink 
mit Korngrenzen grésseren Winkels d_ bildete 
Feinstrukturkorngrenzen 


through observa 2 
Introduction stal loaded 


L ¢ intilevet 


Experimental observations in three fields, namely a number of additional obser 


those of crystal growth, strength of small metal motion have been made; these a1 ‘ported 


crystals, and grain boundary energies have helped 
establish the soundness of dislocation theory Experimental Procedures and Observations 


Recently added to this list is the observation ot \. Single Small Angle Grain Boundarie 
stress-induced motion of small angle boundaries er 
Che crystals used in this boundary motion stud 
Che possibility that a small angle boundary might 
; ; were prepared from 99.99 per cent Horsehead 
move under the action of a suitable system of 
Special zinc by a modified Bridgeman technique 
stresses Was suggested by Burgers l and developed ‘ ‘ 
; : ea : [The earlier observations were confined to small 
more fully by Shockley [2]. The predicted motion of ; 
MES r angle boundaries formed incidet to solidific: 
small angle boundaries under stress was first 
y ) 9 . ° or cooling ol the crystal For 
observed by Washburn and Parker [3]. Experimental mae 
Ag : tion a technique was developed 
evidence for this boundary movement was obtained 
introducing a boundary. Sphert 
*Received December 1, 1952. 
tDepartment of Metallurgy, ( 
Berkeley, California, U.S.A. approximately one halt inch 


cleaved at 196°C to form 
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specimen was supported as a simple beam and 


heated to 350°C. The load was applied at the mid- 


span 


basal plane, introducing local plastic bending. 


a knife edge perpendicular to the 
After 


upper and lower surtaces, the 


through 


cleaving away the 
specimen was annealed for one hour at 400°C. 
\lthough it was customary to introduce the boun- 
daries perpendicular to a slip direction in the crystal, 
this method permitted arbitrary location and 
orientation of the boundary, and facilitated studies 
of their dynamic properties. 

Boundary angles were measured with a long focal 


length refle tograph ; the estimated error was 

{ minutes. The disc-shaped specimen containing 
the boundary was mounted in U-shaped grips and 
loaded as a cantilever beam inside a small resistance 
furnace. Observations were made with an optical 
mi roscope looking down on the cleaved surtace of 
the crystal in the manner schematically represented 
in Figure 1. Oblique illumination was used so that 
the location of the grain boundary was indicated 
by the difference in brightness across the boundary. 
Displacement of the boundary was measured with a 
Filar evepiece which permitted the position of the 
0.001 


desirable to 


boundary to be established within mm. 


In several instances, it was deemed 


record the boundary movement on motion picture 
When this was 


for further study and analvsis. 


ise, the Filar evepiece was removed and the 


body ol the camera joined to the mi roscope with 
an extension tube. The objective lens of the micro- 
scope functioned as the camera lens. 

Although the majority ol observations to date 
have been qualitative in nature, a number of quan- 
titative results are included in the following sum- 
mary of experimental observations: 


1. With the crystal loaded as a cantilever beam 
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as indicated in Figure 1, the boundary was observed 
to move towards the left under the influence of the 
shearing stresses. The calculated critical shear stress 
for the boundary motion was of the order of the 
magnitude of the critical shear stress for slip in zine. 
When the direction of the stress was reversed, the 
direction of the motion of the boundary was also 


POUNDS 


LOAD 


80 


> 


FIGURE 3. 
decrease | height o! 


irves for a movin indarv show- 
load-displacement when 


reversed. Rate of boundary 
9 


Series of ( 
curve 
direction of movement 


nt he ld approximate lv constant. 25 ( 


Was 


movenn 


reversed and the boundary moved to the right past 
its original position. \ series of pictures selected 


from the movie are shown in Figure 2. The time 


interval between pictures was approximately ten 
seconds. It should be pointed out that while there 
are no obvious crystallographic markings on the 
cleavage tace of the specimen, water stains on the 
surface serve as convenient reference markers for 
the progress of the boundary movement. 

With another crystal, the load required to move 
constant rate was measured at 


The 


A significant, but progressively decreasing 


the boundary at a 


room temperature. results are reproduced in 
Figure 3. 
reduction of the critical load was noted with each 
reversal of the loading direction. 

2. it 


given load, the smaller the boundary angle, the 


was the general observation that under a 
more rapid was the displacement. The sequence of 
pictures in Figure 4 records the movement of two 
boundaries at 350°C. The boundary on the left was 
approximately one-half degree larger than the one 
on the right. Under the applied shear stresses, both 
boundaries moved towards the left, but at unequal 
smaller 


the 


rates. The more rapid movement of the 


angle boundary resulted in a shortening of 
distance between the two boundaries. 
3. Whenever 


another, the two united to form a single boundary. 


that the 


one moving boundary overtook 


It was found new boundary required 
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Li Al 
higher stresses to make it move. A typical load- 
displacement curve illustrating this is shown in 
Figure 5. The manner in which the union occurred 
is recorded in the series of pictures of Figure 6. 
Union between the boundaries involved motion of 
the junction along the larger of the two boundaries. 
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CEMENT MM x 


FIGURE 5 Load-displaceme! t curves showing that whe 
two boundaries unite the load required for continued move 
Rate of held approximatel; 


increased. moto! 


25°C 


ment is 
constant 


When the external stress was reversed during the 
process, the direction of motion of the junction was 
also reversed. The result Was a gradual separation ol 
the new boundary into the two original boundaries 

t. The motion of a boundary was retarded in the 
vicinity of certain imperfect regions in the crystal 
the material 


The restraint imposed by distorted 


200 
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Displacement-tim curves at 


FIGURE 9 u at vi 
ol a typical bo 


tures showing rate of moveme! 


tant load 


surrounding a Tukon hardness indentation 


indicated in Figure 7. The photographs show that 


locally the radius of curvature of the boundary 


steadily decreased as the boundary approached the 


deformed area. 
When the degree of cold work was much less, the 


movement of the boundary was not appreciably 
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affected. This condition is illustrated in Figure 8, 
where the boundary can be observed to pass through 
the area with little or no retardation. 


5. As 


movement of a 


rate ol 
load 


increased as the temperature was raised. A summary 


might have been expected, the 


boundary under a _ given 
of the rates measured in the temperature 
300 to 400°C ata 


presented in Figure 9 


stress ol ipproximately 5 


Sma A GLE Bounda? é 


B. Hexagonal Systems of 


\nother 


issociated 


form otf low angle boundary that 


with the formation of a_ hexagonal 


When 
shaped sper imen having the basal pl ine pal lle] 


the surtace to 350°C and a 


dis 


shaped substructure in zinc crystals 
is heated concent 
load is applied parallel to the C-AXIS by Iii 

con al-pointed indenter, i he xagonal system ol 


This is 


this 


low 
boundaries is developed shown 


Figure 10. At 


ingle 


schematically in 


temperature, 


microscop 
Che more important ex] 
pertinent to the movemel 
low nel boundaries 
follows 


1. Under 


the substructure 


conditions ol 
event 
erowth of the structure 
pictures of Fig 
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bound ies 


the series ol 


the svstem ol 
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enlarging system to distort the growing hexagon. 
lo illustrate this point, the small hexagonal sub- 
structure appearing in the lower right corner of the 
pictures ot 


The load 


was then shifted to a new position on the crystal 


Figure 12 was introduced. 
to the left and slightly upward in the photographs 


where a second substructure was formed and 
allowed to spread under constant load. There was a 
marked reluctance of the boundaries of the grow- 
ing system to pass through the previously formed 
substructure, causing the distortion shown in the 
last two pictures. 

lesser extent, a single small 


3. To a somewhat 


angle boundary restricted the movement of the 
spreading hexagonal substructure. A single straight 
small angle boundary was introduced into the plate- 
shaped crystal specimen approximately halfway 
from the center of the face to the edge. The cry stal 
was then loaded to produce a hexagonal substructure 
that was allowed to enlarge until its boundaries 
impinged upon the single straight boundary. The 
most important feature here, aside from the distor- 
tion of the hexagonal substructure, was the repulsion 
between the single boundary and the hexagon. As 
may be seen in Figure 13, from its initial approxi- 
mately straight condition, the boundary was altered 


to the extent of becoming noticeably curved. 


Discussion 
It has become apparent that plastic properties of 
crystals are largely determined by the presence ol 
imperfections. The nature and distribution of these 
imperfections, however, and the changes accom- 
panying plastic flow have remained obscure. Single 
imperfections may never be observed unless magnifi- 


cations great enough to see individual atoms are 
achieved. However, simple small angle boundaries 
represent groups of imperfections whose motion 
through a crystal can be observed and controlled. 
Their behavior seems to require that they consist of 
an array of edge dislocations of like sign and equal 
Burgers vector distributed more or less uniformly 
over the plane of the boundary. Whether or not 
progress leading to a better understanding of plastic 
flow can be made with moving boundary investiga- 
tions will depend in large measure upon the develop- 
ment of more satisfactory experimental techniques. 
The somewhat limited observations made to date 
appear to be consistent with other observations of 
behavior. Within the range 

100°C, the the 


through the lattice under a given 


plastic 
300 to 


cislo« ation arra\ 


temperature 


displacement rate, €, Ol 
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stress varies with temperature in accordance with 
the expression: 

kT where A = a constant 
D = 

R = the gas constant 


The value of the constant Q has been measured as 


= Ae 
the activation energy 


the absolute temperature 


approximately 21,500 calories per mole (Figure 14 


> 


ISPLACEMENT RATE 


0 


FIGURE 14 Phe lit 
ment rate and reciprocal of the absolute temperature yields an 


eal relati nship be tweel log displace- 


activation energy of approximately 21.5 kcal/mol for boun- 
dary at high temperatures. Stress constant at 8 psi 


moto! 
It is interesting to note that the following tempera- 
ture-dependent processes in zinc crystals give very 
similar values for the activation energy: 


Self diffusion parallel to c-axis 


20,400 cal/mol | 
| 


Creep 20,000 
Recovery after pure slip deforma- 


tion 20,000 


The striking agreement ol the activation energies 
of all these processes suggests that all may involve 
the same basic atomic movements. This fundamental 
process may be interaction of vacant lattice sites 
with edge dislocations. The fact that motion of this 
dislocation array is at a rate dependent on tempera- 
ture in the same way as self diffusion suggests that 
dislocations encounter barriers which impede their 
movement. The capacity of the barrier to block a 
section of the dislocation line appears to be removed 
by a diffusion process, possibly by the motion of 
edge dislocations at right angles to their Burgers 
vector through interaction with lattice vacancies. 
The thought that dislocations moving through a 


lattice encounter barriers is also suggested by the 


\ 
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observed lowering of the critical stress when the 


boundary was moved back and forth through the 


same volume of crystal. (Perhaps with repeated 


reversals of direction of motion, the boundar‘ 


dislocations encountering barriers move out of their 
original planes into nearby ones where motion is 
relatively easy. An alternate interpretation of the 
results is that boundary dislocations become trapped 
from the boundary. As a conse 


and are removed 


quence, the boundary angle becomes smaller and 
the boundary easier to move. Future experiments 
should clarify this point. 


At low 


possible to move dislocation arrays under conditions 


temperatures and higher stresses, it is 


where appreciable diffusion cannot occur. Under 


these conditions it is possible that experimental 
verification of Shockley’s [7] prediction of a very low 
activation energy for movement of a dislocation ma\ 
be obtained. 

A mechanism for the formation of a substructure 
in plastically deformed crystals is suggested by the 
under stress to 


uniting of small angle boundaries 


form larger angle boundaries. With the application 


of external stresses, it is a reasonable assumption 
that small angle boundaries in crystals could form 


and migrate until union was effected with other 


moving boundaries. Stress-induced movement of the 
boundaries could continue until the angular magni- 


tude of all internal boundaries attained a_ size 
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characteristic of that temperature and stress level 
\ stable substructure could thus be created without 
any sper ial activation enerey being required othe 
than that associated with the stress-induced motion 


of the dislocation arrays 
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LETTERS TO THE EDITOR 


Anisotropy of Surface Self-Diffusion of Silver’ 


During an investigation of self-diffusion of silver 
ices, it was ol that diffusion 


the 


ilver suri served 


ired to isotropic whenever surface 
+100} or 3111} 


parallel to 


ippe 
planes. How- 
1110} 

110 


ised Was para 
ver, when was 


alwavs faster in the 


LOO 


diffusion was 
direction than in the direction. 
the radioactive 


Winegard 


vstal 


diffusion was measured by 


tracer technique desc ribed b and 


Chalmers |] Strain-free single cr surfaces 


parallel to the required crystallographic plane were 
zi. a disc of silver containing 


prepared In each case, 


the radioactive isotope \g 110 was ele tropl ited 
on the electropolished surface. An autoradiograph 
was taken of ind after heat treat- 
The 
neasured with a Hilger non-recording type micro- 


photometer. 


the spot betore ; 


nent. density of the autoradiographs Was 


tvpical of the 


Figure 1 is curves 


ined. 


110 
[It is observed that diffusion is faster in the 


direction than in the (100) direction. 
diffusion 


\hearn 


tungsten. 


lhe mechanism of ma\ 


that described and Be ker 


thorium on the surface of Che surface of 


November 


) 
,ecelved 


a 110 face-centred cubi lattice 


consists of a 


plane for a 


series ol erooves, as illustrated in 


Figure 2. 


110 


atoms would 


The direction along the “‘groove’’ is the 


direction, and it seems reasonable that 
the 


the 


faster along the than 
This 
experimental evidence which indicates that diff- 


110 


faster than diffusion in any other direction on 


move 9rooves across 


appears to be supported 


usion in the direction on the {110} plane is 


any 


other plane. 
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[ALMERS, 


Notes on the Theory of Annealing Textures* 


The preponderance of a certain crystal orienta- 


tion in the texture of an annealed metal indicates 


that in the matrix material numerous “‘nuclei’’ 


ire available in this orientation and that they have 


the « apa itv to GTOW al the expense ol the matrix 


during annealing. Important 


innealing texture theory is whether 


scarcity of grains in other orientations 


nuclei, 


shown 


ittributed to shortage of corresponding 
or to their lower rate of growth. It has been 
the preferred orientations of 


for f.c.c. metals that 


the new grains are related to the matrix orientation 
in such a wav that the interfaces between growing 


and 


agreement 


erains matrix have high mobility. General 


has not as vet been reached on the 


question whether the orientation dependence « 


erain boundar\ mobility alone is sufficient to 


account for the observed annealing textures 


oriented growth theory), or whether it is necessary 


to assume that the availability of nuclei is also 


importantly orientation dependent (theory requir- 


ing oriented nucleation as well as oriented growth 


he 


louwerse 


position originally taken by Burgers and 


1] that annealing textures are determined 
by oriented nue lea ion alone, now appears to have 
PI 
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been generally abandoned.* In the following, it 
will be attempted to show that the hypothesis of 
oriented nucleation is altogether unnecessary, 
even as an adjunct to the oriented growth theory. 

The orientation process, which takes place on 
annealing of a single orientation matrix, has been 
studied in several face-centered cubic metals 
3; 


rotation around a [111] axis. In hexagonal close 


it usually corresponds to a 30° or 40 


packed zirconium [5] and titanium [6], the reorien- 
tation on recrystallization was found to correspond 
to a rotation of 30° around the basal plane normal. 
In all these cases, the reorientation on annealing 
corresponds to a rotation around the normal of the 
closest packed plane, and the resulting interfaces 
have maximum grain boundary energy. Although 
this orientation is clearly unfavorable for growth 
from the point of view of driving energy, it corres- 
ponds to maximum grain boundary mobility and 
to the highest rate of grow th [7]. It is probable that 
the 
boundary mobility is a result of the orientation 


observed orientation dependence of grain 
dependence of the rate of self diffusion along the 
boundary [7; 8]. 

One of the principal objections against the 
oriented growth theory is based on the observation 
that the maximum of the grain boundary energy, 
and presumably also of boundary mobility, as a 
function of disorientation, is usually quite broad. 
the 
at relatively 


doubted 


Thus, grains in orientations deviating from 
still 


Consequently, it 


maximum by 15°, or so, grow 


high rates. has been 
(9; 10] that the orientation dependence of grain 
boundary mobility would suffice to explain the 
sharp annealing textures which are often observed; 
it was suggested that a highly anisotropic distribu- 
has to be assumed. 


tion of nucleus orientations 


It should be considered, however, that the maxi- 
mum becomes much sharper if one considers the 
rate of increase of the volume of material in various 
orientations, rather than the linear rates of gTOW th. 
On the basis of volume, the pertinent variable is 
the third power of the mobility. If this function is 
plotted against the disorientation, a much sharper 
maximum is, of course, obtained than for the 
mobility itself. There is, in addition, an effect which 
the 


variations in mobility. It is clear, that the new 


further exaggerates consequences of small 


erains are not growing independently from each 
other in the matrix material, but soon impinge on 


each other. Owing to the impingement, fast grow- 


*See for instance Burgers’ own recent review [10 
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ing grains tend to ‘‘cut in front’ of grains with 


boundaries of lower mobility (see figure), with the 


consequence that the latter are ‘pinched off.” 


As a result of this ‘“‘pinching off effect,’’ grains with 
boundaries of maximum mobility are able to grow 
to disproportionatel\ larger sizes than others with 
boundaries of only slightly lower mobility, provided 
that the number of nuclei per unit volume is large 
enough to make the competition keen. The con 


siderations presented so tar are quite generally 


applicable, even when the matrix has an essentially 


singie orientation texture. It should be noted, 


single ore 
originated by 
at the bottom edge of the spe imen. Because 
impingement, i orably 
“pinch oft”’ slightly less favorable ori 
Chus, slight differences i boundary mobility 
exaggerated effect on the volume material recrystallized 


Deep etch Ma 


growth, in a 
texture aluminum matrix, of 


Competitive 
grains 
nucleation 


grains most fay oriented for rowtl 


grains ol tations 


have 1 gre itl 


various orientations gnification 6 


however, that the matrix in which the new grain 


are erowing usually has more than one texture 


component. In such cases, the rate of growth of 


the new grains, with respect to all matrix compo- 


nents, should be taken into account. The highest 


rates of growth can be achieved only bi grains 


which are favorably oriented for growth not only 


with respect to all major components of the tex- 


ture, but also with respect to the minor compo- 


nents* and to matrix material representing the 


spread of orientations from these 


various texture 


components. result of these additional res 
orientations tavorable for 
This 


growth 


trictions, the range of 


erowth may considerably narrowed 


mechanism, arising from the oriented 


theory, has been proposed in particular to explain 


but 


the sharpness of the cube texture [1] 


it 1s 


ire compone 


ew 
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ndoubtedly effective in many other cases as well. 


The second main objection raised against the 


ented growth theory of annealing textures is 


in the cubic ervstal svstem there are four 


and the 30° rotation around each of 


these can be carried out in two directions; in a 


W ell 


eight 


innealed single crystal there are, therefore, 
crystallographically equivalent orientations 
of the type required by maximum boundary 
mobility. In annealing textures often only one to 
three of these eight possibilities are actually found 
to occur. 
12; 13 
nucleation. It has been pointed out 


that 


This was regarded by some investigators 
as a sufficient reason for assuming oriented 
[8], however, 
all eight 


theoretically equivalent orientations are in effect 


there is no reason to expect that 
cry stallographically equivalent, since a deformation 
texture, or the texture of a recrystallized matrix in 
which coarsening occurs, no matter how sharply 
developed, will, in general not possess the sym- 
metry of a corresponding ideal single crystal. Thus, 
the boundary mobilities corresponding to the eight 
theoretically equivalent orientations described may 
have quite different absolute values, some of them 
The 


textures can 


being much higher than others. observed 


isvmmetry of annealing then be 


easily accounted for in terms of the oriented growth 
theory, on the basis of the asymmetry of the matrix. 
\s a matter of fact, in most deformation textures 
cubic metals, 


ol polycrystalline face-centered 


there are two or more major deformation texture 


components. It is to be expected that the Jower than 
the annealing 


theoretical multiplicity of texture 


components is a result of the additional restrictions 


on the growth of new grains :mposed by the 


complexity of the matrix texture, as discussed 


an interesting recent 
Hibbard [14] 


that in copper with a single orientation deformation 


ibove. This is confirmed by 


investigation of Liu and who found 


texture new crvstals grow on annealing in all 


eight orientations discussed. 
The third objection that has been cited against 
the oriented growth the 


concerns lact, 


experimentally well established by several investi- 


theory 


gators [15; 16; 17], that in slightly deformed 


crystals the orientation of the grains newly 


single 


formed on annealing shows considerable scatter 
related to the matrix orientation in 

The reorientation 
111] rotation of 30° or 40° is 


not at all prevalent in this case. Consequently, the 


and it is not 


any simple manner. tvpe of 


corresponding toa 


crystal orientations are manifestly not determined 
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has been recognized and 
the 


by oriented erowth. It 


clearly stated [7] that lack of a sharp, well 
defined annealing texture in this particular case 
is, in effect, due to the lack of nuclei in orientations 
favorable tor fastest erowth. It is well known that 
the localized lattice disorientations produced in a 
single crystal by slight deformation are usually 
quite small. Under such conditions, crystal frag- 
ments of the orientations required for fast growth 
scarce. In addition, the total 


may be extremely 


number of nuclei per unit volume is also very 
small and, therefore, competition between the new 
grains is relaxed. Another special situation in 
which the scarcity of nuclei prevents the formation 
of a sharp annealing texture, is found in the coarsen- 
ing of copper with a very sharply developed cube 
orientation texture. Unpublished work by P. R. 
Sperry with the author showed that such material, 
if handled with extreme care to prevent the chance 
recrystallization following 


formation of nuclei by 


extraneous local deformation, is extremely reluc- 
tant to coarsen even at temperatures approac hing 
the melting point. When coarsening does set in, 
the new grains have orientations not far from that 
of the matrix itself. Again, it is easy to interpret 
these findings on the basis of lack of nuclei suffic- 
iently disoriented from the matrix for fast growth. 
Given enough time, eventually a grain within the 
scatter range of the matrix texture itself will have a 
chance to grow, in spite of the low mobility of its 
18; 7] found 


this 


boundary. Several investigators [3: 


that in the two known cases of kind, just 


mentioned, the artificial introduction of sufficiently 
random nuclei gives rise to the growth of grains in 
orientations, characterized by high 


the usual 


boundary mobility.) Even though in these two 
sper ial cases no well defined annealing textures are 
formed, there is a noticeable tendency for the new 
grains to avoid the matrix orientation. Both this 
tendency and the very absence of a sharp annealing 
texture in these instances clearly follow from 
the oriented erowth theory of annealing textures. 
There appears to be nothing here to require the 
oriented nucleation hypothesis, according to which 
sharp annealing textures result from the occurrence 
of nuclei only in special orientation relationships 
a matter of fact, the lack of 


slightly 


with the matrix. As 


sharp annealing textures in deformed 


single crystals, in contrast to heavily deformed 


crystals, has never been accounted for in terms of 
oriented nucleation. 


It may be concluded that the assumption of 


hot 
ll) 


oriented nucleation is not necessary. However, a 
direct test of this assumption in its general form is 
very difficult, since ‘nuclei’? are by nature small 
and they are detected only after growth. Usually, 
by the time a growing grain comes to attention, o1 
becomes large enough for orientation determination, 
it has been already the subject of growth selectivity. 


The 


grains may not be assumed to be equivalent to 


observed orientation distribution of such 
that of the original nuclei, so that the latter remains 
unknown. 

The assumption of oriented nucleation requires 
additional specific hypotheses regarding the nature 
of the nuclei, in order to ‘“predict”’ annealing 
So 


after the annealing texture itself has been experi- 


textures. far, this proved to be possible onl 
mentally determined. Thus, up to now three differ- 
ent specific oriented nucleation hypotheses have 
various investigators in order 
the 
the 


been proposed by 
to explain three specific annealing textures. [1 


Louwerse [1], 


original work of Burgers and | 


nuclei in compressed or rolled single crystals ol 
aluminum were assumed to have formed in “‘local 
curvatures” in orientations corresponding to rota- 
tions around [112] axes lying in the slip plane and 
perpendicular to the slip direction. It was, how- 
later [4] that the 


observed by these 


ever, shown annealing tex- 


tures investigators may be 


derived from the matrix texture more accuratel\ 
by [111] rotations. The recent, thorough investi- 
gation by Liu and Hibbard [14] with rolled single 
crystals of aluminum and copper confirms that the 
orientation relationship between annealing textures 
and deformation texture in fact corresponds to 
111] rotations. The local curvature hypothesis for 
nucleus orientation is, therefore, not supported bv 
second for nucleus 


observation. A hypothesis 


orientation has been advanced by Kronbereg and 
Wilson [18] in connection with the coarsening ol 
\ccording to these authors, 
11] 


rotations, characterized by the coincidence of many 


cube texture copper. 


the nucleus orientations are derived by 


atomic positions in the two crystal lattices, and by 


the short paths of movement necessary for the 
other atoms to readjust themselves from one lattice 
111 


rotations of different magnitude and some rotations 


to the other. This hypothesis predicts several 


around other axes. Of the predicted [111] rotations, 


the one nearest to the observed values of 30° and 


10° is 38°. This would fit quite well the reorientation 


of 40° observed in aluminum, but its deviation 


from the 30° reorientation observed in the case of 


THE EDITOR 


copper 1S distinctly larger than the experiment il 


error \loreover, the fact that the other predi ted 


orientations do not a tualh ur is not ac ounted 


OC 


tor. The inadequacy this hypothesis S quite 
the 

Hibbard {14 
De ker 


ind 


clear, for instance, in the case of 


textures investigated by Liu and 


\ third hypothesis was ady inced by and 
Harker [22] and by Liu, 

23] in order to explain the orientation of 


cold rolled f.c. 


\ccording to this hypothesis, those OT 


Burgers, liedema 


for the cube texture in 


deformed material which happen to have the cube 


orientation are the first to recover their anne iled 


condition (without reorientation ind they are, 


therefore. the hirst ay ulabl to ict is nucl 


his hypothesis is apparently supported by the 
observation first reported by Sachs and Spretnal 


19], that cold rolled Ni-Fe alloy, 


the cube orientation on anne ling, 


which develops 
contains a cube 
cube 


1O1 cold 


component in its rolling texture. A minor 


texture component was also reported 


rolled copper [20] and aluminum [21]. In an effort 
to produce additional support for this particular 


Liu, 


, of three extended single 


oriented nucleation mechanism, Burgers, ind 


Piedema have shown that 
crystals of different orientations, the one wit 


cube orientation pols gonized Hirst [20] Howevi 


remains to be shown to wh extent this result, 
obtained with slightly extended single crystals, ma‘ 
be rel ited to the behavior ol OT Ul in a severel 
rolled polycrystalline iggregate \t am rate, 

simple consideration based on known facts indicate 
that the specific nucleation mechanism discussed i 
inlikely. Since 


orient 


number ol 


the 


ition must be | fi 


sma 


number of grains in rolled coppe 


mechanism would 


number of nuclei, tha 


in the annealed cube 


borne out bi 


texture copper is usuall\ 


order ol magnitude is that 


New, is vet 


experiment by 


unpublished re 
AWE Merlini in 
that this 


this 
h int 


decisively prove 


incorrect predictions 


nucleation leads to | 


In conclusion it may be stated that the reorient 


tion on annealing, which has been so far thoroughly 


studied in various f.c.c. and h. 


accounted for on the basis of the orientation 


tself an 


dependence of grain boundary mobility 


Consequently, there IS il 


experimental 
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n the 
of the total 
+} 

>. metals, can 
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present no valid indication of any need for assum- 


a hypothetical effect of oriented nucleation. 


3ecause of its nature, this effect is not amenable 
to direct experimental verification in its general 
form. The three different specific oriented nucleation 
hypotheses advanced se far tor the purpose ot 
explaining three specific annealing textures lead 
to predictions in contradiction with experimental 
evidence. 

PauL A. BECK 
Dept. of Mining and Metallurgical Engineering 
University of Illinois 
Urbana, Illinois, U.S.A. 
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Notes on the Theory of Annealing Textures: 
Comments on a paper by P. A. Beck with 
the same title* 


By courtesy of Professor Beck the manuscript 
of the above paper was sent to us before publication, 
simultaneously with the Editor’s invitation to 
give any comment we might wish to contribute on 
this topic. We gladly avail ourselves of this oppor- 
tunity offered to us, which we greatly appreciate. 

1. In several papers [1; 2; 3; 
the that the 
preferred orientations of the crystallites in anneal- 


t] we have taken 


view occurrence of pronounced 


led test-pieces cannot be ascribed to the sole action 
of what is called ‘‘growth selectivity,” if we define 
selection, by a of orientation 


this process 


dependent growth, of nuclei with special orienta- 


as a 


tions from a large number of available randomly 
oriented nuclei, all of which start to grow at the 


same moment in a matrix with a _ well-defined 


texture. 

On the one hand we think it hardly possible that 
these conditions, which in our view would be 
required to give growth selectivity its full chance 
fulfilled in cold test- 


pieces, as beside the main deformation texture also 


are simultaneously worked 


other orientations (for example cube-oriented 


regions in rolled strips of cubic face-centred metals 


are often represented in a somewhat greater 


amount. Apart herefrom, however, we think that 
actually the presence of such regions may be 
essential for the formation of the annealing texture, 
as they may acquire, by some process of ‘‘nucle- 


ation’’ to be described later on, an exceptional 
capacity for growth. 

The purpose of Beck’s paper is to show that the 
assumption of this last condition is unnecessary 


and in his paper arguments are given which refute 


objections raised by us and by some other investi- 


gators (Becker, Burke), against the exclusive role of 
oriented growth in determining recrystallization 
textures. We that 
given are not sufficiently stringent to invalidate 


think some of the arguments 


the objections raised. A few remarks concerning 
these points are made in the next section. 
2a. Beck that the 


orientation dependence of grain boundary mobility 


states effect of a definite 
is more pronounced if one considers the rate of 
increase of the volume of the material in various 
orientations rather than the linear rate of growth. 


This is undoubtedly true. We may ask, however, 


*Received January 20, 1953. 
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hold 


with thin plates, in which one dimension is so much 
that 


how far volume relations in experiments 


smaller than the other two continuous ‘‘3- 


dimensional’ growth is only possible to a limited 
extent. But apart herefrom, the fact [5] that one 
varying 


can make aluminum crystals of widely 


orientations grow in the same matrix texture at 


approximately equal rates of growth, provided 


only that the 
approximately parallel or approximately in twin- 


orientation of the crystal is not 
position with respect to the matrix texture, makes 


it difficult for us that 
will in itself be able to produce such a 


to believe even ‘‘volume- 
selectivity” 
sharp recrystallization texture as for example the 
cube-texture in rolled material. 


2b. The that 


erowth may result in a ‘cutting in front’’ of grains 


argument differences in rate of 


with boundaries of lower mobility (see figure in 


Beck's has to be viewed with caution, 


because, in determining the shape of grains, apart 


paper 


from the relative rates of growth, also the position 


of the points where and the moments at which 


erowth starts, may have considerable influence. 


For example, if, close to the border of a flat strip, 
and with egua 


rates, to grow from points A, B, and C in Figure 1, 


three crystals start samultaneously, 


specimen boundar 
FIGURE 1] 


then the final boundaries (assuming ‘‘circular’ 


will be represented by the straight lines 


A and B also in this case, 


erowth 


and grain C is cut off by 


where no difference in growth-rate was assumed 


2c. In the last section ot Beck's paper an objec 


tion is raised against the supposition suggested b 
Burgers, Liu and Tiedema [4] (also Burgers [5 


that the cube orientation is caused by erowth ol 


lattice regions in cube-position, already present 


the rolled matrix, which have obtained the capac 


by a specific nucleation mechanism 


itv to grow 


“poly gonization”’ The objec tion is based on the 
eround that due to the smallness of the fraction 
of the matrix occupied by such regions this mech 
anism would lead to a large grain size in the anneal 


ed cube-texture which is contrary to fact. Apart 
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from the circumstance, that even in a small 


fraction of material the number of nuclei may ver\ 
well be large, the argument brought forward would 
equally apply to a theory based on the assumption 
that the « ube-texture is due to selec tive STOW th as 
such, as, if » see it rightly, the same cubs 
oriented regions in the rolled matrix must be the 
starting points for the final grains also in this case 


2d. 


2!) an objection raised by 


Finally, we mention once again (cf. Burgers 


Becket 6] which is not 


discussed in Beck’s paper. It concerns the fact that 


the recrvystallization texture of a given matrix 


may vary with the temperature of annealing 


On the basis of the selective growth theory this 


would imply that the anisotrop\ of growth rates 
varies considerably with temperature, which Becket 
finds unlikely, a conclusion with which we agre« 

2e. Other 
such as the absenc e of the « omplete set ot orient 


tions in a recrystallized matrix which are equivalet 


points discussed in Be k's paper, 


1 


from the point of view of orientation, and the 


occurrence, in slightly deformed single crvstals 


ifter recrystallization, of a small number of 


orientations, 


understood with both ‘‘theories’ 


grains with widely varvineg 


probably be 


ire not conclusive for a decisi in either sense 


Considering the whole of the evidence, 


the moment at least, 


‘“direct”’ experiment 


] 
oriented nucleation 


rrocess of nucleation cat 


{ t} in tl | 
process OI grow | Noy 


discussio1 
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metal, whether cold-worked or 
form 


X-ray 


[he difference with regard to a pertect 


innealed, ie major part of the atoms 


regions, as is shown by 


oherent 
diffraction. 


if we follow Seitz [7], be des- 


ribed tert lattice imperfections, among 


which we discern vacant lattice sites, interstitial 


itoms, and dislocations* As pointed out in Seitz’ 


paper, these imperfections form individual units, 


clusters (vacancies) or rings (dislocations), and 


further groups of dislocations may combine to 


form boundary “‘planes’’ between lattice regions of 
rhe 


the 


different orientation. ‘structure’ of these 


planes depends on orientation difference 


between the regions they separate and on their 


‘“position,”’ varving from simple sets as envisaged 


by J. 


mosai 


M. Burgers [8] in his well-known model of a 
block boundary, to complicated structures 


between regions of widely varving orientations 
‘‘orain’’ boundaries 
that 
has better be replaced by a description in terms of 


ind bad nt, 


, of such complicated structure 


a description in terms of specific dislocations 


‘regions oft is proposed by 


Y 


Owing to these imperfections, metal is, 


generally speaking, in a state of metastable equili- 


brium and tends, by means of atomic displace- 


ments, to reduce its lattice imperte tions to the 


thermodynamic minimum. If by increase of 


temperature, this tendenc can be followed, 


innealing sets in. Among the atomic displacements 


taking place, we may discern at least two types, 


with regard to the efiect they produce: 
a displacement of the 


lattice 


a) such which produce 


boundary plane between two adjoining 


regions ol different orientation: 


irrangement ol 


the 


suc h whi h produ only Fe: 


imperfections which is more favorable from 


of tree energy, for example a coales- 


a recombination of two suitabh 


acancies, 


oriented dislocations of opposite sign, and in 


particular, an accumulation of originally dispersed 


dislocations in ‘‘planes’’ separating lattice regions 


of different orientation, as for example in Orowan 
ind Cahn’s |10| representation of polygonization in 


bent lattice. 
that 


Of these two con eivable types, onh under 


a), if taking place on a visible scale, shows itselt 


is srowth of one lattice region at the cost of an 


idjoining one, i.e. as recrystallization or (sub 


grain growth. Displacements of group (4), on the 
other hand, would not make themselves known in 
effect a “‘recovery”’ of the 


this way, but certainly 


’ metal without foreign atoms 
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value of various physical properties, as electric 


resistance and plastic behaviour; structurally, 
they could bring about the formation, or increase 
the size, of lattice regions more or less freed from 
imperfections (possessing a smaller imperfection- 
‘“‘density”’ 

4. Following the ideas of C 


others, the ceneral course of the boundary displa e- 


S. Smith [11] and 


ments may be compared to the movement towards 
equilibrium positions of films in a soap-foam, the 


rate of displacement of individual boundaries 


being governed bv a balance between a ‘“‘driving 


given by boundary energy and degree ol 


(12; 13], and by a “mobility” [13a]. 


force” 
curvature 

Of these 
dependent on the structure of the boundary, 


factors the first and the third are 


and 
thus on the difference in orientation between the 
two adjoining lattice regions and on the position 


of the boundary “‘plane’’ with regard to their 


orientations. These two factors therefore give rise io 


an orientation dependence of the boundary dts place- 


ment. 


So far as we know at present, both factors have 


relatively high values for boundaries separating 


regions with widely varying orientations, for 


example 30°-40° rotated about a 111-axis, which 


represents the condition for highest rate of growth 


in a cubic face-centred lattice in Beck’s theory 


but also apparently for other large orientation 


differences, as follows from the easy consumabilit\ 


of a fine-grained matrix bv growing crvstals with 


such other orientations (experiments of Tiedema 


5] with aluminum and of Dunn [14] with silicon 


iron). On the other hand, the presence of inclusions 
crystals grown in a fine- 


insular crystals) in large 


grained matrix shows that displacement is ver) 


parallel 


difficult for lattice regions in approximately 
or twin connected positions [15; 16].T 


The 


influences 


which 
the 


second factor mentioned above 


boundary displacement, namel 


degree of curvature of the boundary, may be 


taken to be itself of dependent on the relative 
orientation between adjoining lattice regions. 


Here, 


with those factors promoting orientation dependent 


therefore, is a factor which may compete 


erowth. In a matrix consisting of lattice regions 


(subgrains, grains) of nearly equal size, the curva- 


ture factor may be expected to play no dominant 


TAs brought forward by Dunn and Daniels [17], the easy 
movement of subgrain-boundaries makes it probable that for 
very small differences of orientation (1°) boundary migration 
again becomes easier. Although the boundary energy is low 
in such cases, the mobility may be high due to the possibilit 
of a simple ‘‘dislocation-structure’’ of boundaries between 

early parallel lattice regions (such as the ‘‘] I 


\ 


model’ 
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LO 


part, so that the orientation dependent boundary 
displacement can have its wav. For each boundary 
its direction will in general be towards the centre 
ot curvature, as is for example most clearly shown 
in experiments of Beck and Sperry [18] on grait 
growth in high purity aluminum. The annealing 
treatment will finally more less 


produce a or 


general coarsening, with possibly a ‘“‘sharpening”’ 
of the existing texture. 

If, however, in a matrix lattice regions are present 
which are considerably larger than their neighbours, 
by C. S. Smith 
Parker [20] the 


in 


then, forward 
ct. 


regions, if 


as brought 


also Harker and large 


different size of thei 


the 


sufficiently 


surroundings* will have creater chance to 


2TOW al the cost of their neighbours, because a 
large probability exists that their boundary with 
each individual neighbour is concave to the centre 
ol the 


displace so as to consume the small neighbouring 


this latter and has therefore tendency to 


regions. A good example of such a ‘‘cusped’ 


boundary can be found in a paper by Lacombe and 


is reproduced in article by 


and an 


Naturally, 


“orientation dependent,’ in so 


Jerghézan 


Beck [23]. the displacement each 


individual cusp is 


far it can take place at a reasonable rate only i 


region 


the orientation difference between the larger 


erain) and the adjacent smaller region is suffi 


these two orientations are not 


This, 


growth 


ciently large and 


ipproximately parallel or twin-related how 


all 


this expressio1 


ever, we would not « selective in the 


sense as, Wwe think, is used b 


Bec k, as the growth of the larger regions is not due 


to a selection based on thei orientation but o1 


their size, the orientation coming in onl 


it either ‘‘allows’”’ or ‘‘does not allow’’ the growth ti 


pro eed at a measurable rate.T 
5. Now 


built up for the greater part of lattice regions Ol 


we think it possible that in a matrix 


nearly equal size, and_ possibly, orientation, 
‘‘bounded regions” of larger size than their immed 
iate surroundings may be created in the course of 
the annealing process by atomic displacements of 


the type mentioned under (4) in paragraph 3, the 
‘inside’ of which is to a considerable degree freed 


be 


produc tion of “pols gons’’ in Cahn’s poly eonization 


from imperfections. A simple case could the 


process, but we could imagine also a “‘clearing up” 


by suitable displa ements of sub-boundaries or by 
more complicated rearrangements. If such regions 


differed sufficiently orientation their 


*The necessary conditions are set forth in a quantitative 
vav by C.S Smith [20], and by Dunn [13]; 
2] 


99 
+\ similar remark occurs 1n 


] 
also 
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surroundings to be bounded mobile bo 


would be in tavourab 


pl ines, then the: 


tion tor growth and might outdo th 


com 


growth ot alread, existing regions Sucl 


then, for which we ma the 


pe rh ips 
“polygonization” in somewhat 
might, in our mind, 
representation ol an 


nally by 
by ( 


in tact, onl 


IS, 


himself 


ihn and 


surgers and liedema | were brought hereto 


n particular by Tiedem 


rge aluminum crystals 


grown by re 


In a cold-worked test piece consist 


number of parts with slightly different 
order of magnitude some mint 


originate in the centre ot the ecrvs 


think, 
were torn ed 


(Jn the ba 


“pols gons’ in corre sponding 


SIS Ol 
the crvyst 


originate tor a considerable per 


sketc he d 


formed in 


therefore the or itions of} 


tol 


lows from work 


iron and by 


on al 


on iS 


uminum, that 


shown b break 
dependent on the state ol deforn 


wluminun lO! \ 


S hee! 


does no 
itTure dependence 


te ol erowth come 


6. The foregoing n 


essential tor recrvs 


boundaries bet 


orientation. On anneal 
set in ‘‘immediatel 
‘“‘nucleation”’ in the 


due to the displacement 


his procedure kes pl Ce 
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in the course of the annealing 


process, by rear ingements ol impertections, lat- 


tice regions ‘‘freed’’ from imperfections to a rela- 


vely large degree. If such regions are, with respect 


their neighbours, sufficiently large, 


ize ol 


nd sufticiently different from them in orientation, 


hey may be privileged for growth and can cause 


he formation of individual grains, or, if present 


ereat number, ot recrvstallization texture 


fixed by their orientation. 


It will depend on the entire ‘structure’ of the 


trix, whether this combination of necessary 


nditions is fulfilled. If, for example, ‘“‘polygoniza- 


but the created regions do not differ 


occurs, 


in orientation from their surroundings, 


ently 


“ation” appreciable growth 


takes pl ice, but 


does not follow. This was actually the case in the 


experiment by Burgers, Liu, and Tiedema [4] 


entioned at the end of Beck’s paper, in which it 


iluminum crystal stretched for 


was shown that an 


bout 20 per cent parallel ro 2 cube-axis, poly- 


eonized relativeh e isily. In this case, however, the 


eonized regions are embedded in a surrounding 


oriented neighbours (owing to the sharp 


the stretched crystal and 


il the cost of in idjacent 


_so that even on prolonged 
“vstal 


stallization, taken as ct! 


le’ scale, occurred. Perhaps this 


Crussard 


its an ideal case of what 


11 


lization 7m 


ire not conflicting with 


that the driving 


ener? 
finally 


iInteriace 


between it tic regions 
recently brought 


notre Te) \letals 
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Textures in Extruded Aluminium* 


K.V.G. 
formation and recrystallization textures in extruded 
aluminium (Fe 0.02%, 

Cu < 0.005%, Al 


which seem to us to be relevant to current theories 


(ne ol us has obtained data on the de- 


\ 


rods of superpure Meg 


Si 0.02%, balance 

of recrystallization. The initial 234 in. diameter cast 
billets consisted of columnar grains normal to the 
100) parallel to the 
had a double 


parallel to the extru- 


direction of extrusion, with 
rods fibre 
LOO 


grains, 


columns. The extruded 
texture, with (111) or 
sion direction. The (100 henceforth called 


had a 


eu hed, 


faintly when 


the 


rumpled 
11] 


deformation bands parallel to the extrusion direc- 


appearance 


while grains (“‘Y’’) contained 


tion. These bands had quite different orientations 
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from the body of the grains. Study was largel, 
restricted to grains in the approximately 3/8 in. 
wide intermediate zone 
the 
the deformed grains of the 


diameter core and 5/32 in. 


of the 1 in. diameter extruded rods, since 


broken structure of 


ee 


Ol3 Ol2 110 

FiGuRE 1. Superpure aluminium. The poles represent the 
extrusion direction. refer to the deformed 
solid, half-solid, and open circles to groups of recrystallized 
grains in the core, intermediate and peripheral zones respec 
tively. Poles of recrystallized grains bear numbers correspond 
ing to their parent deformed grains, 


( “re sses 


grains, 


peripheral zone made recognition of corresponding 
areas after recrystallization difficult. 

On recrystallization, a new duplex fibre texture 
111) component and a 
major component ranging from (103) to (113 
Note: Extruded rods 


was formed, with a minor 


Figure | is a specimen plot. 
of commercial aluminium showed similar deforma- 
tion and recrystallization textures.) Analysis of the 
behaviour of individual deformed grains on anneal- 
ing showed that the minor component originated in 
the Y grains, whilé both X and Y grains contributed 
to the major texture. The orientations of all the 


could be rationalized in terms of 
(111 
(Figures 2 and 3 

Since all 111 


these grains (in the 


new grains 
axes of the deformed grains 
refers to X 


equivalent in 


rotations about 
Figure 2 erains 
dire¢ tions are 


that 


four 
sense all make equal 


angles with the (100) fibre axis the orientations 


of all new grains have been expressed in terms of 
rotation about one [111] axis only. Figure 3 refers 


to Y Here 111] 


parallel to the extrusion direction must be 


grains. the unique direction 


dis 
tinguished from the other three. Rotation about this 
unique axis gives rise to the minor texture referred 
of the latter contri 


to, while rotation about any 


1100! 
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This distinction ha 
11] 


rep- 


butes to the major texture 
been expressed by choosing arbitrarily two 
One of these 
Phe 


represents the unique axis and is identified bi 


axes to serve as rotation axes. 


resents all three non-unique axes. other 


the 
the 


} 


Nis 


clustering near it, which stand for 


crosses 


extrusion directions of the deformed grains; t 


ior 
the 


account a disproportionate 
half) of 
The recrystallized structure arising from the 


The Y 


olten 


axis is seen to 


amount (about recrystallized grains. 


X grains consisted of equiaxed grains 


erains gave rise to slightly smaller grains, 


elongated normal to the extrusion direction, and 


generally of very uniform orientation (this is why 


one single trio of poles suffices to describe the 


orientations of the whole group Continued 


9Talns 
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annealing sometimes gave rise to secondar’ 


in the intermediate zones, with a (103 


much scattered. 


11] 


grains 


fibre texture, 
axes relating detormed 


the 


rhe rotations about 


and recrystallized add to crowing 


number of instances of this relationship, obtaining 
metals and modes 
Beck 


argued cogenth’ 


for different face-centered cub 


which we owe largely to 


1]. Beck 


that this relationship demonstrates that the east 


of deformation, 
and his co-workers has 
in annealed detormed 
The 
of rotation in Figures 2 and 3 of the 


for X OT: 


of growth of nuclei formed 
OTains is orientation dependent 


present 


paper 
ind \ orTrains, 


22 uns 


ire 


I 

poles of 
Crosses 1 


99 
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compared with the ideal angles of 23° and an 


\eccording to Beck’s theory, the mechanism ot! 


deformation should be irrelevant to the subsequent 
recrystallization behaviour except in 
ol 


thn [3] 


lar 


as it 


supph nuclei and their ol 


range 


tion. ¢ has put forward a theory i 


which recryvstallization nuclei are regarded 


a> 


mniniit 
LEE 


intensely curved lattice regions (dislocation 


pile-ups) that have polygonized, which renders 


them strain-free 
two theories, 


hese taken together, are able to 


iccount the above observations, 


for and in par- 
the different behaviour of the X and Y 


earlier idea, 


ticular for 
OTa 


that preferred orientation 
ol 


ins. The 


eniirel\ due to a supply of nuclei special 


itions, has to be abandoned: instead we 


>with Beck that the nuclei have only a limited 


of preferred orientation which is_ then 


nhanced bi 


in explanation of 


the selective growth mechanism. 


the this 


is, we have had to adopt the hy pothesis that 


obsery ations on 


structure of the X grains is less distorted than 
the \ 


evidence in support of this hypothesis: 


erains. There are 


three pie es ol 


the 


direc tion ol 


a) Because of the columnar texture in 


undeformed billet: angles between the 


the r 


extrusion and the unde- 


541 
The ( orrespond- 
ind 


nearest 


formed in 


inge 


with a most probabl value of 43 


ing figures for (100) axes are 991 
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Consequently a smaller physical rotation of the 
grains, and therefore a lesser amount of distortion 
was needed for a grain to achieve a (100 X, 


lll), or Y 


grains contained deformation bands, 


or 
texture than a 
bh) The Y 


which 


texture. 


are composed ol piled-up dislocations and 
should therefore recrystallize particularly readily, 
as has in fact been observed elsewhere [4]. 

(c) Some Y grains (Nos. 10 and 16 
to have recrystallized completely before adjacent 
X grains (22, 23, 24 


In general, the less distorted a erain is, the smaller 


were found 
had begun to do so. 


will be the number and angular range of the available 
nuclei, so that selective grow th has less raw mater- 
ial to work on. This would account for the larger 
size of the X grains (fewer suitable nuclei being 
available) and for the fact that the corresponding 


99° 


new grains are rotated only 22° from the parent 
orientation. The Y grains, on our hypothesis, were 
more heavily deformed, and the correspondingly 
more copious supply of nuc’ei leads to the greater 


16° 


more 


angle of rotation of (because according to 


Cahn’'s theory these disoriented nuclei 


should become active well before those rotated 


only ae. and will therefore be able to consume all 
The 


n size can be attributed partly to the greater 


the deformed material). somewhat smaller 
oral 
supply of nuclei and partly to the presence of defor- 
mation bands, which have unfavourable orienta- 
tions with respect to new grains which grow easil 
in the material between the bands. The bands thus 
act as barriers, and this would explain the origin 
of the strings of recrystallized oT uns observed in 
regions formerly occupied by Y grains 

It is striking that 
formed in the Y 
of orientations than that formed in the X grains 
Figures 2 


the 


the recrystallized textures 


grains had a greater homogeneity 
and 3). The homogeneous orientation of 


aforementioned ‘“‘strings’’ was_ particularly 
This differ 
ence is also to be expected because of the different 


and Y 


allows the 


striking to direct visual examination. 


deformation of the 


ol 


degrees of 
\ OTe 


growth criterion to operate with greater precision 


grains. 
‘ater supply nuclei selective 
The grain size within the strings was exceptionally 
small—another instance of the theoreticaily expe: 
ted « orrelation between homogeneit\ of orientation 
and copious nucleation. 
The disproportionately fre 
the 11] 
recrystallized grains in Y 
of 


appreciable part in determining the final texture 


juent occurrence 


ol 


longitudinal \XiS rotation axis for 


as 


grains confirms that the 


preferred orientation nuclei must play an 


‘ 
Se e6 OAe 
~ 428 
ge 
ae 
Oc 
© A 
Ficure 3. Same data as Figure 1 replotted for Y gra 
mea | mbols see captio t gure 2 
rrows correspond to 46° rotations about the {111] and [111] 
ect s, Poles markec \ dentif orains rotated about 
the e longitudinal |111 : 
] 
decree 
= = 
the 
tl 


from ana- 
[111] fibre 


axis in drawn and recrystallized aluminium wire 


\ similar conclusion has been drawn 


logous behaviour of the longitudinal 
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Remarks on the Ferromagnetic Ground State’ 


We make below three observations concerning 


the ground state of a ferromagnet: (A) on the effect 
ot spin-orbit coupling on conclusions drawn from 
the saturation magnetization with respect to the 
electronic structure of ferromagnetic allovs; (B) on 
the relative effects ol dipolar and pseudo-dipolar 
interactions on the deviation of the magnet 
moment of the ground state from absolute satu 
tion: (C) on the failure of Van Pevpe’s perturb ition 
treatment of the eround state. 


\. The the 


jactor g are 


values of spectroscopic splitting 


known to vary in. ferromagneti 
metals from 1.95 in gadolinium to 2.2 in nickel 


These values are involved directly in the magnet! 
zation, the maximum z-component of the magneti 
moment associated with an electron being unde: 


these conditions !5gug rather than simply uy; 


the difference is the orbital contribution. Thus the 
effective number of electrons per magnetic atom is 
2.0(6) in iron and 0.54 in nickel, while the effective 
number of Bohr magnetons is 2.22 in iron and 0.6 X 1 
in nickel. Recent publications, espec ially those o1 
the band and collec tive electron theories of ferro 


a higher 


the neglect 


magnetism, have given various results to 
apparent accuracy than is justified by 
of the effect of the g-value, which may amount 
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to ten per cent The elec tron heat 


nickel, for example, as calculated by 
would be in reased by perhaps Ld pel cent by 
ettect. 


B. On the atomi model ofl a 


ferromagnet 


with the isotropi exchange energy operatol the 


ground state is the state of maximum multiplicit 
2|—the saturation is complete. This is no longer 
true in the presence of magnetic dipolar or pseudo 
dipolar interactions among the electrons. Holstein 


and Primakoff [3] find for the fractional deviation 


at absolute zero 


AM ( )( 


in the absence of an applied magnetic field. This is 
iking 


have 


fora simple cubic lattice and g = 2. 
1500, S = 1, and J/k 
1.25 & 10 
he pseudo-dipolar interaction may be written 
is C 2. 


200°K, we 


between nearest neighbors, where 


is the direction of the line joining nearest neighbors 
[he interaction arises through incomplete quench- 


ing of the orbital angular momentum, and it 


expresses the dependence of the exchange integr 


on the direction of magnetization. It is believed 


1] to be of considerable importance in the pheno 


mena of magnetostriction and inisotrop ind 


yossibly in line width in ferromagnetic resonan 
| 


The constant C mai of the order of a 
cent ol the is tropic exe hange fi but 
time C may be la 

interaction between n¢ 

100. Wen 


of the order ot 


that C will have 


saturation deviation of tl 


the Herring 


developed theory ol 


method ol 
spin 
the pseudo-dipolatr nret 


} } 


7 
checked b nethod 


this 
ilculation for the magt 
\Ve 


Irequen ies 


2) w Ak 


find, 


where 


he symbols have 


cround state magcnetiZ 


dire t10Nn 1s 


Let tense (0 241 
er [I 
\\ 
l 
9 
3. 
5 | 
the same 
dipol 
cround state. Following 
Kittel [5] we have 
ves the pres 
ot ctio We Is 
3) A 234 D 
their us canines. 
AM | 
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[his expression differs from equation (1) in form; 


the difference may be traced back through the 
dispersion relations to the relative ineffectiveness of 
the pseudo-dipolar interaction on long wavelength 


The 


involves long range 


spin waves. magnetic dipolar interaction 


forces and has a significant 
With the 


1O°K, we 


even on the long waves. values 
above and taking C/k = 
AM/M,= 10 X 10°. 


larger than the result for the magnetic dipolar 


effect 
estimate 
This is only eight times 
interaction, although C expressed as a field is of 
the order of 100 times greater than 1/9, the measure 
of the magnetic interaction. Holstein and Primakoff 
3] had remarked earlier on the relative ineffective- 
ness of the pseudo-dipolar interaction. 

C. Van 
treatment of the ferromagnetic ground state in the 


Peype [6] has given a_ perturbation 


presence of pseudo-dipolar coupling, in connection 
with a calculation of ferromagnetic anisotropy at 
the absolute zero. This work has been described 
as a rigorous calculation of ferromagnetic aniso- 
tropy for a definite model. However, an inspection 
of his perturbed wave functions shows that his 
procedure is not convergent, factors of the order 
of the number of particles being neglected in com- 
parison with unity. His perturbed wave functions, 


furthermore, have only two spins reversed and 
possibly represent a system of N 


M, more than 4/N:as N—- « 


agree to ignore the 


thus cannot 
electrons with A.V/ 
this ratio goes to zero. If we 
lack of convergence, we calculate from his functions 


2ona simple cubic lattice in the (001) 


4 
= —( 


for spin 
direction. 


in disagreement with the basic property of the 


wave functions, as well as with our equation (4 
In this circumstance the results on anisotropy must 
be ¢ onsidered as less than rigorous. 

On the 


effects on the 


and _ spin-orbit 


note that the 


subject of anisotropy 
ground state, we may 
Ag g — 2 = 0)..03 


would be 


small value estimated by 
appreciably in- 
20,000 
cm! for the mean width of the band one used a 


250 to 


Brooks [7] for nickel 


creased if instead of using the estimate 


value in the range 500 cm! for the width 


of the unfilled part of the 3d band. The suggested 
Fletcher 


range is from calculations for nickel by 


1] and. Slater [8]. It 


is the width of the unfilled 
part of the band which properly enters here, and 
the suggested change in the numbers gives more 
scope for larger values of Ag, the loss on averaging 


presumably being larger than estimated by Brooks. 
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Thermoelectricity in Metals 
at Low Temperatures* 


It has been suggested in the past, e.g., [1], 
Preface], that, since the application of quantum 
the 


metals are well established and that at best only 


theory, foundations of electron theory in 


“refinements of theory’? may be _ looked for. 


However, as a result of accelerated research since 
the war, it now appears that this belief may well 
be unfounded. It is true that the electrical resis- 
tance of metals is in Jarge measure well interpreted 
by the theory, although much remains to be done 
in quantitative study. On the other hand, definite 
found when one 


qualitative discrepancies are 


turns to the electronic thermal conductivity of 


simple metals [2; 3; 4; 5] where the theory must be 
carried to a closer degree of approximation; for 
example, the electrons responsible for conduction 
cannot be treated as an entirely ‘‘degenerate”’ 
9as as suffices for calculation of electrical resistance. 

We are at present carrying out an experimental 
study of thermoelectricity on the alkali and group 


IB (Cu, Ag, Au 


(down to the liquid helium region 


metals over a wide temperature 
Our 
that 
found with the 


range 


experiments are already adequate to show 


little detailed agreement can be 


present theory. The basic predictions of tempera- 
fulfilled (cf. 


ture-dependence are not generally 


also 16} 


For even so ‘‘idea!’’ a metal as sodium, 
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LO 


the magnitude of the thermoelectric force is 


seriously in error, and in the case, for example, of 
very dilute alloys of Sn in Cu the very striking 
variation of thermoelectric force contrasts strongly 
with the theoretical predictions, e.g. [l, p. 223]. 

Quite apart from the general problem of the 
adequacy or otherwise of the basic electron theory, 
we believe that systematic experiments on thermo- 
electricity at low temperatures in conjunction 
with measurements of electrical conductivity will 
vield much information of value on the processes 


of electron scattering in metals. 
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The Disordering Reaction in Ni;Pt* 


In an exploration of the nickel-platinum system, 


Esch and Schneider [1] failed to observe an ordering 
reaction at the composition Ni;Pt. Kussmann and 
Nitka [2] observed 
Ni-Pt alloy of 25.4 

been held at 450°C for a long time. The 3 


lines in 
had 


atom 


superstructure 


atom per cent Pt which 
per cent Pt alloy was also found to have a super- 
structure in later work by Kussmann and Stein 
wehr [3]. These last authors indicate the disorder- 
ing temperature to lie somewhere between 500 
and 620°C, whereas Bozorth [4] gives 600°C as an 
approximate figure. 

As part of a broader program it seemed desirable 
to obtain a more precise value for the disordering 
Ni3Pt. 


atom per cent Pt 


temperature of \ homogeneous alloy of 
25.07 was held at 500°C for 20 
days, enclosed in an argon-filled Pyrex ampoule 
Its resistance-temperature curve was obtained at a 
heating rate of 0.6°C /minute and is shown in A 
of Figure 1. The corresponding cooling curve lies 
almost directly upon the heating curve, and is not 


for 26 days. Curve B of Figure 1 shows the resis- 


shown. The same sample was then held at 


tance-temperature behavior upon heating and 


cooling at 1.3°C/minute. 
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FIGURE ] 
Both experiments agree in fixing the disordering 
allov at 580° + 5°C Che 


resistance of the ordered phase increases rapidly 


temperature in this 
at temperatures just below the critical, as has been 
\lthough the ascending and 
both 


observed for CusAu 


descending curves are coincident in experi- 
ments tor temperatures above the critical, at lowe 


) 


temperatures there is a wide disparity due to the 


extreme sluggishness of the ordering reaction 
The low-temperature inflection in the descending 
B marks the 
temperature of the disordered structure 
145°C by 


the 


magnetic Curie 
[his Call 


and 


branch of curve 


work, 


found b 


the present 


140° 


be fixed at about 


agrees well with value ol 
Kussmann and Nitka 

The verv small inflection marking the disorder 
amount ol 


that the 
it w 


ing in experiment A shows 


ordering produced by annealing iS Vel 
small Nevertheless, X-ray 
Dr. J. B. Newkirk of this La 


faint superlattice lines. The fact that a much | 


Wort 


diffraction 


borator\ reveal 


degree ol long range order in be induced 


annealing indicates tha 


lower temperature 


mechanism of nucleation and growth is operati\ 


in this ordering reaction 
We thank D1 L. Martin 
illov, and Dr. J . Newkirk for 


| \. ORIANI and 


General Electric Research Laborato1 


Phe Knolls 
Schenectady, 


New York, | 
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BOOK REVIEWS 


Structure of Metals. By Charles S. Barrett. 
Second New York: McGraw-Hill 


1952. Pp. xvi + 661. 


edition. Book 
Company. 
in BARRETT” is so close to 


“Let's look it up 


qualifving as a cliche in any laboratory or class- 
room where metals are studied that it is logical to 
review the new edition by comparing it with the 


Che 


looking at the new edition, was that it is not nearl\ 


original one. reviewer's first reaction, on 
as different from the old as one would expect from 
the progress that has been made since 1943, when 
the the 


crystal imperfections, in particular, has assumed 


first edition appeared; importance ot 


prominence in the last ten vears, and a large 


proportion of the most significant papers that have 


appeared during that time have been concerned 


with the various kinds of imperfections. 


Closer scutiny, however, shows that while the 


chapter headings and even the sub-headings are 


unchanged, an immense amount of new 


alm St 
the new 
the 


material has been added The extent of 


material is not evident until one looks at 


references, very many\ of which are to papers that 


have appeared in the last ten vears. There are also 


a substantial number of references to work which 


had not vet been published when the book went 


to press 


[he emphasis on techniques is still as strong as 


was in the first edition, and reference is made 


) several important new techniques, including the 


ray techniques usually iated with the 


ASSOC 
ind of Guinier. The potentialities 
and of 


names of Barrett 


of the diffraction of neutrons itoms are 


discussed 


aspect ol 


It is, ol course, impossible lor even 
metals to be discussed fully in 
Dr. 


mes so ¢ lose to doing SO that one is led to look tor 


structure ol 


m inageable size; but Jarrett 


igle be Ok oO! 


iltthough to do so is an expression ol 


nN issions, 


ingratitude for a splendid achievement. The most 


surprising gap is diffusion, which is not even 


mentioned in the index. It is also surprising that 


the very elegant work of ©. S. Smith on the in- 
interfacial micro-structure 


fluence of tension on 


received but a passing reference. 

lo sum up, the new edition does in 1953 what the 
edition did ten vears ago, and it has a place 
as a textbook and a reference book on the desk 

nvone who is interested in why metals behave 

do. 


as they 


BRUCE CHALMERS 


Thermodynamics of Alloys. By John Lums- 
den. London: The Metals. 1952. 
Pp. ix + 384. 

Thermodynamics of Alloys by John Lumsden is 


Institute of 


one of a series of monographs published by The 
Institute of Metals (London). The book presents a 
detailed development of thermodynamic theory 
along with numerous examples showing how free 
energy expressions can be derived from experimen- 
tal data and put to use. 

To the reader brought up on cy cles as the pattern 
the author's 


for thermodynamic development, 


approach by way of atomistics and statistical 
mechanics may lack some of the close correlation 
between experiment and equation which is main- 
tained in the traditional approach. On the other 
hand, the modern physics and chemistry of metals 
are founded on atomic structure, so that this 
treatment succeeds in leaving the reader with some 
feeling for the modern approach. This theme of 
atomistics is not merely developed in the early 
chapters and then dropped; it is carried through 
along with traditional treatment. 


the 


the whole book, 
The first several chapters are devoted to 


introduction of thermodynamic quantities and 


relationships. Every item is derived from first 
principles in considerable detail. Statistical meth- 
ods and the concept of randomness are introduced 
in order to prepare for later development of energy 
and entropy calculations from models. This part 
of the The 


eralted on 


text has been very well done. usual 


thermodynamic expressions are this 


discussing heat quantities the 


foundation. In 


chemists and metallurgists for 


the 


author rebukes 


continued use of defined (thermochemical 


calorie, vet quotes calories throughout the text 


a strong bond ol 
the 
that 


and appears to be unaware that 
lies in the identity of 
1.1840 abs. 


1.1835 


attachment present 


joules with used in 


rhe 


is obsolete. 


calorie ( = 

1930 = 
= 4.1845 abs. }. 
The second portion of the text begins with the 


int. author's calorie 


introduction of the thermodynamic quantities 


associated with solid, liquid, and 


This 


and, on 


specific ally 
presented 
The 


potential is a bit 


treatment is 
the 


metals. 


gaseous 


exhaustively whole, clearly. 


introduction of the chemical 


weak; in some later developments the distinctive 


symbolism of the chemical potential is not fully 


utilized. Equilibria in one- and two-component 


metal systems are treated from both the theoretical 


BOOK 


and experimental viewpoints. Here the author has 


used the commendable device of discussing at ‘eat 


length a limited number of exemplary systems 
(some twenty in all), so that the reader's attention 
is directed towards the method. Each item presen- 
ted is exemplified by complete calculations based on 
data from the literature. In this the author makes 
good his promise to show how free energy e juations 
can be used to correlate various phvsico- hemical 
measurements. 


The 


tical 


of the deals with statis- 


calculation 


last part text 


mechanical ol energy, entropy, 


collec- 


of 
calculations. 


and energy. The final chapter is 


tion numerical tables designed to facilitate 


The author has presented his material in a 
stimulating manner, in such detail that the reader 
without benefit of tutor should have no difficult, 
following the argument. Along with the con- 


the 


in 
ventional treatment author has introduced 
admitted speculation, but has been meticulous in 
distinguishing between fact and fancy. The text is 
recommended for the senior undergraduate level 
ol 
bibliography of recent research. 


F. E. W. 


instruction, but should not be considered as 
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Thermodynamics of Alloys. By Carl Wagner. 


Cambridge, Mass.: Addison-Wesley Press, Inc. 
1952. Pp. vin + 161. 
Thermodynamics of Alloys by Carl Wagner is a 
by S. Mellgren and J. H. Westbrook 
iuthor’s treatise ‘“Thermodyvnamik n 


lbuch adel 


bhystk, brought up to date with respect to 


translation 
ol 


etal 


the 


lischer Mehrstoftsvsteme’ from 


Meta 


I 


\ 


I 


VIEWS 


‘| he book 
ol 


the literature of the past decade 


concise and well-documented summary thermo 


dynamics of interest to metallurgists. It is clearh 


not intended for the novice, since the author has 


assumed an extensive background of general 


thermodynamics, phase equilibria, and physics of 


metals. The greater part of the material is presented 


thorough survey of the literature, woven 


as a 
together with an outline of theory and development 


which touches on only the highlights of the 


fundamentals. Most of the development is based on 
traditional thermodynamics, with but scant atten 


tion paid to models and statistical mechanics 


rhe first part of the text is devoted to a sketch: 
treatment of general thermodynamics, with 


extensions relevant to the study of metal systems 


Ideal and 


constitution is considered; and useful forms 


non-ideal solutions are discussed, ele 
troni 
of interpolation equations are shown. Order and the¢ 
basi types ol disorder are presented in brief but 
tidy fashion. The next part introduces thermodyn 
amic relations concerned with the commoner types 
of phase equilibria. Heats of formation, free energy 
changes, and activity coefficients dealt with, 


both Finally, 


equilibria between allovs and melts are treated 


are 


experimentally and_ theoreticalh 


Numerous references made to experimental 
by 
without comment 
119 literature 
ide 


ill within 133 pages of 


are 


results, lat citing the original literatur 


It is significant to point out that 
ind 


ternal 


there listed that 


are SOUTCeS 
ind 
| he De IOW 


bibliography 


reference is to binar 


systems, text 


recommended nbined 


outline for research workers 


idu it 


aS 
nd graduate studei 


Dut not tor ul ror 


\W. \WETMORI 
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Journal of Chemical Physics 
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ANISOTROPIC ELASTICITY WITH APPLICATIONS TO DISLOCATION THEORY* 
J. D. ESHELBY,+ W. T. READ,{ and W. SHOCKLEY? 


The general solution of the elastic equations for an % itrarv homog l sotropic solid 
found for the case where the elastic state is indepe iden ! av 4 ft three Cartes 
coordinates 1, X2, x3. Three complex variables = 3 : intr 
pay being complex parameters determined by the elastic co1 
ment (%1, #2, 43) can be expressed as linear combinations of 
of 2), and one of . The particular form of solution which giv 
arbitrary Burgers vector (a;, do, a3) is found Che solutior 
along the x;-axis appears as a by-product.) As is well k: 
edge dislocation and “1; = 0, uw = O for a screw dislocatior 
unless the x; x2 plane is a plane of symmetry. Two cases 
running perpendicular to a symmetry plane of an other 


running parallel to a fourfold axis of a cubic crystal 


L’ELASTICITE ANISOTROPE ET SON APPLICATION 
FHEORIE DES DISLOCATIONS 


La solution iérale cle équations de l élastic ité solide 
dans le cas ot l'état élastique est indépendant d’une (mettons x;) des trois coor 


1, X2, X3. Trois variables complexes 2 = x +- Di1)Xo, = 1, 2. 3) sont introd 


aramétres complexes déterminés par les constantes d’élasticité. Les composa 


1, U2, Us) peuvent étre exprimées comme des combinaisons linéaires de tro 
une de 2 , une ¢ , et une de 2 Une 

dislocation le lo 1g de l’axe x3 avec u 

ipparait, comme sous-produit, la solution dat 

le long de l’axe > Dans le cas d’isotropie, pou! Ineé disloc 

une dislocation-vis. Ceci n’est pas vrai da i inisotropie 

plat de svmétrie. Deux cas sont discutés e1 | 

symétrie d'un cristal, qui est d'autre part 


quate rnaire d’ In ¢ ristal ( ubique 


\NISOTROPE ELASTIZITAT MIT ANWENDUNGI 
THEORIE DER VERSETZUNGEN 


Lie alleemeine ler Elastizitit 


wird fiir den | 
Koordi 

= 1, 2, 3) eingefiihrt, 1 
bestimmt sind. Die Verschiebu 
drei analytischen F ktione! 
we rde n I me spezik lle I orm der L 
Burgers-Vektor 


| 


itel \ 


1usser we 
1) Eine Schrau 
KXristalles verlauft 
bische Krist 


1. Introduction 


his papel develops the general theor. ol 
tropi elasticity for a three-dimensional] st 
stress in which the stress 1s independent ot one 
( artesian coordinate. The general theory is ipplied 
to the dislocation theory of metals, which has 
reached a state where the refinement of allowing for symmetry 
anisotropy is sometimes justified. However, many |] represer 
other practical applications of the general elasticity — torce a 
results are possible, particularly in engineering 
stress analysis where the anisotropy of the material 
*Received November 24, 1952 , read I G06 
tDepartment of Physics, | lv int 
Illinois, U.S.A. 
tBell lelephone Labor itories, NI irra’ Hill, New 
U.S.A. 
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In the following sections we determine success- 
ively: 

(i) The most general three-dimensional state of 
stress in an elastically distorted region when the 
stress is independent of one Cartesian coordinate. 

(11) The 
continuously differentiable and single valued 
the 


most general analytic (continuous, 


dis- 


tribution of stress in region surrounding a 


cylinder parallel to the axis of constant stress. The 


excluded region may be a hole through the crystal 


or a line imperfection, i.e. a bad region in the sense 


used by Read and Shockley [2] and Frank [3]. 


The state of stress around a dislocation. 


2. Notation and Basic Relations 


| nless the coordinate axes are simply related to 


the axes of a crvstal of high symmetry, the stress- 


strain relations will involve a large number of non- 


vanishing elastic constants. In the general case, 


we shall treat, there are twenty-one elastic 


constants relating the six stress components and the 


1 
uniess 


six strain components. Clearlh some short- 


nd not tio! is en ployed, the tormulas become 


cumbersome a the meaning is obscured. 


nsional 


hope le ssl\ 
We shall use the simple three-dim« artesian 
ing lengthy 


tensor notat 


comprehended 


2.1) are to be 


usual engineering strains 
ther 


the 


nsor components; are equal to 


ut have twice value (2.1) for 


We shall use the 


tion, according to which summation is understood to 


customary summation conven- 


be carried out over repeated (‘““dummy’’) subscripts. 


[The most general linear relation between stress 
and strain involves a fourth-order tensor C;,;,,; and is 
given by 


(9 OY 


\LLURGICA, 


i, 


1953 

Considerations of symmetry and energy conserva- 
tion require that 

(2.3 


that 
there are only twenty-one different elastic constants. 


these relations being responsible for the fact 


The constants can be transformed from one set of 


axes x; to another set x’; bv the relation 


COS 
COS 


When the coordinate axes are along the axes of a 


cubic crvstal all but three of the different elastic 


constants vanish. 


3. Equilibrium Conditions 


We shall first determine the most general solution 
stress in a 


for an equilibrium state of region of 


elastic distortion. In the present section the con- 


ditions ot will be and 


equilibrium investigated 
formulas derived for the force on an internal surface. 
In the following section the equilibrium equations 
will be expressed in terms of displacement and the 
most general solution for both displacement and 
obtained. By 


stress 


formulating the problem in 
terms of displacement we avoid having to deal with 


the compatibility conditions. ) The expression lor 


the force on an internal surface will be needed in 


section 5 in interpreting the general expression for 


an analytic distribution of stress. 


We begin bv considering the equilibrium of an 


element of material in the crystal. Since nothing 


varies with x » take a cylindrical element with 
A be the cross section 
ind let C be the 


per unit length 


axis parallel to the x;- is. Let 


of the cylinder in the plane 


closed curve bounding A. The force 
exerted across C by the materi il outside the Cc" linder 


1S 


where 2; and #2 are components of the normal to C. 


For the material inside C to be in equilibrium, 


it is necessary that an external force — F; should be 
exerted on the cylinder. We now distinguish two 
cases: 

1. The curve C is a reducible circuit; that is, C 
can be shrunk to a point without passing outside 
the material or cutting through a singularity in the 
stress distribution. 

2. The curve C is not a reducible circuit; instead 
it encloses either a hole through the material in 


which external forces could be applied, or a bad 


2.4 (x,, x") 
which 
orm. 
nstead of x, y, 2, we suppose that the clastic state {s 
will 1 ke the rang l, and 
[ t, 3, the Tange Phe component 
of stress acting in the 7th direction on the plane 
normal to the jth axis is r;;. The strains e, ar 
related to the partial derivatives of displacement 
| ou OU; | 
hich re not te 
— tee Cenc 
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region where the theory to be developed does not 
apply. 
In case 1, clearly the resultant force F,; must 


vanish, since there is no physical mechanism for 


applying an external force in the interior of a 
crystal. Thus for any choice of the circuit C which 
does not enclose a hole or singularity, the line 
integral in (3.1) vanishes. This implies the existence 
of a vector having components @¢, defined throughout 
the good region by 
Od 
(3.2) Ox: 


OX» 


from which the equilibrium conditions for stress 


are readily obtained. 

Conversely, if we begin with the equilibrium 
equations (3.3), we can prove that the functions 
o;, exist and that F; = 0 for any reducible circuit. 
We now consider case 2 above, where C encloses 
a hole or singularity. Assume that C does not pass 
through any singular points, so that the equilibrium 
equations are satisfied and the ¢; exist at all points 
on C. Then (3.1 


cives 


d 
e 


where Ad; is the change in Ad; in going once around 


(3.4 F; Ad; 


the curve C. When Ag¢; + 0, ¢; is multiple valued 
Alternatively we may make a mathematical cut in 
the x; x2 plane; ¢; is then single valued and has 
discontinuity Ad@; across the cut. 

To summarize: every equilibrium state of stress 
can be represented by a vector with components @,, 
every set of three functions ¢; represents an equili- 
brium state of stress, and the discontinuities in the 


functions ¢; correspond to a resultant force on an 


internal surface. 

Rather than derive the differential equations for 
the ¢; (which would involve the compatibility 
conditions), in the next section we shall formulate 
the problem in terms of displacement, which has a 
more direct physical meaning, and use the equations 
of equilibrium (3.1). The ¢; are then obtained by 
integration. 

However, there are some special cases in which it 
is convenient mathematically to represent the state 
of stress in the x; x2 plane by a function ¢ called the 
Airy stress function, which is related to ¢; and ¢2 


by 
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The 


from (3.2) and the 


relations (3.5) and the existence of @ follow 


condition 7 T 


Only in special cases can treated indepen 


dently of #3. In such cases sometimes 


more 


convenient to express the ‘ » of stress in the 


‘1; X2 plane in terms of the single function @ rather 


than in terms of » two functions uw, and x 


4, General Solution 


In this section we shall determine the 


most 
yenel i solution for the displacement ind thencs 


stress in a region of elastic distort Phe 


for the 


condition of elasti distortion 


stress, so that 


singularities 11 


° 
elastic 


} ] 2. 
lok > 


the three equilibrium equ 


region the equations ot equilibriu 


expressing stress 


terms ol displ icement 
tions, we 


equations tor the three con ponents ol 


substituting (2 


vector A, A 
the 


This equation has a solution for the 


A; only if the determinant of coefficients 


vanishes. This determinant is a sixth-order poly- 


nomial in ~; and ps. It is obvious that in (4.5) we 


Oo Od 
Ox 
| 1] points t thie 
OT +2 . 1 
33 0 ee 3.1 
isp! ceme 
First SN 1) in (2.2) we hav 
on 
T > ( 
, However, by (2.3) the 1 1 and fourth subscripts 
( the elasti constants interc] need si | 
; OU 
T > ( ( 
= here the two terms « the right are seen te ‘ 
the same set of lheretore, t ) 
f 
( (0), 
ditterential equations. the solution of wl S vel 
the variables x; and xo. Thus 
A A a x 
where the A’s and #’s are determined by substituting 
into (3.7) which gives 
1.6 A, ba C 0. 
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can always take p 1; (4.6) is then a sixth-order 


equation for po. It is shown in the appendix that 
since the enere\ densit\ is alwavs positive the roots 
ire necessarily complex, and since the coefficients 

ley occur in conjugate pairs. The vector 


corresponding to a given root /,,) is in general 


complex. The condition that the displacements be 
real requires that the imaginary parts of correspond- 
ng pairs of solutions shall cancel. Thus we take only 


and 


and set 


no two of which are 


Iree roots 


complex conjugates, 


} 
) 


throughout thal where complex 


é Dre ons are used on fo be taken. 


(he subscripts in parentheses distinguish the three 


solutions corresponding [ the three 


ndividu il 
| 


ditterent values and are not to be 


denoting rdinate 


confused with the subscripts 


find that the most 


ution ot stress 1n the 


correspond functions @;, obtained br 


LS 


dire¢ tly 
equations 


1 
3.2) follows trom 


that particular solutions of 


und which represent dislocations 


ixis or localized forces applied to the 
general to express any such situation it is 


to combine terms arising from all three 


| hus n the 


be represented as 


subsequent analvsis, solu- 


} 


sums over the three 


5. Continuous Distribution of Stress 
Surrounding a Singularity 


In the previous sections we obtained a general 


valid at all points in a region where the 


solution 
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distortion is elastic, i.e. in a good region. No restric- 
tions were placed on the shape of the good region, 
was it assumed that the stresses were continu- 
Actually the 
hold in a good region, require that the tractions be 
but 


nor 


ous. equilibrium equations, which 


continuous across any surtace leave open 
the possibility of a discontinuity in the normal stress 
on a plane perpendicular to the surface of discon- 
tinuity. 

In the present section we shall assume that the 
distortion is elastic everywhere in the crystal except 
This 


a hole through the 


in a evlindrical region along the x.-axis. 


excluded region may be either 


crystal or a line imperfection, or bad region, of the 


type discussed in section - The good region is 


therefore bounded by two cylindrical surfaces, the 
outer one being the external surface of the crystal. 

In this section we shall also introduce the require- 
ment that the stress in the eood region be contin- 
uous, single valued and have continuous derivatives. 
We then investigate the conditions imposed on the 


arbitrary functions / z,7)| of the last section by the 


above conditions ii) of section 1) on the stress in 


the 200d region, and the shape ol the good region. 
We shall reserve for the appendix the discussion of 


the most general solution consistent with these 


requirements, and use expressions tor sufficient 


for the needs of physical dislocation theory. 


From (4.8) we see that if 7;; is to be analytic and 


single valued in a region of the crvstal, it is sufficient 


though not necessary, see the appendix that df 


an analytic single-valued function in 


g dz be 


the corresponding region of the complex 201 plane, 


which will be bounded by two closed curves corres- 


ponding to the inner and outer boundaries of the 


actual region in the x,X2 plane. Therefore by 


Laurent’s theorem df,»[{2;y]/dz;,) can be expressed 


as a power series with both positive and negative 


. Hence 


powers ol 


where for convenience in connection with (5.2 


below the sign of 277 is taken to be same as the sign 


* 


of the imaginary part of p 


It is at seen that f;»[z | is not a single- 


valued function since it changes by D 


once 
per revolu- 
tion about the xz-axis, the circuit being taken in the 


positive direction. Thus if we make a cut joining the 


*A positive circuit around the origin of the vo plane is a 
plane depending on the sign of the 
Note that there is no summation over 


will alwavs be indicated expli itl, 


circuit in the 
ImMaginar' 
1. Such a summation 


part ot p 


Ay, 
1.7 u > Acyz 
Xo. 
[t 
Kes 
Fron 13) and (44.7) vq 
substituting (4) in (3.2) and integrating, are eC 
(Com + Pen Cores] A 
A ( t Pry ¢ ( + ( (). 
We shall find 
roots 
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inner and outer boundaries there will be a discon- 


tinuity 


in the displacement across it. 
All 


displacements. 


the other terms in (5.1) give single-valued 


(3.4) and (4.9), that the 


(5.1) is the only 


It is also seen, from 
one which 


the 


logarithmic term in 


contributes to the resultant force on internal 


boundary 


(5.3) Fy = Adi = [Cini + Cine] Acme D 
i=1 


(4.8) the stress corresponding to (5.1) is 


found to be 


From 


x2 A 


Tij = [Cijna + Ci 


(5.4) 


+ nC 


From (5.4) it is seen that each value of / corres- 
ponds to two linearly independent stress distribu- 
tions (two because the constants are complex 
each giving a discontinuity in displacement and a 
force. In general all three /'s are required to represent 
any state of stress, solutions for individual /’s 
having no simple physical meaning. We shall later 
consider a simple case where two /'s can represent the 
state of stress in the x; x» plane, the third / giving the 
stress components in the x; direction. 

In the next section we shall discuss the terms in 
~which 
distributions of force along the x;-axis. The terms in 


Cc 


represent dislocations and uniform 


enable us to satisfy arbitrary boundary 
conditions on the inner 


The C’s will 
boundary (this is provided for by the D's 


and outer cylindrical 


surfaces. not give a net force on a 
but in 
general the C,»_1 give a net couple on it. 

For certain values of the elastic constants equa- 
tion (4.6) may give multiple roots for p2. Such cases 
are most easily dealt with by passing to the limit 
from a neighboring set of elastic constants for which 


this is not so (cf. [1]). 


6. Dislocations 
In this section we shall assume that the excluded 
bad 
region. This requires the vanishing of the resultant 
force F; the 


good and bad regions since there is no mechanism 


cylindrical region is a line imperfection, or 


exerted across the boundary between 
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whereby an external force could be applied to the 
bad region to maintain equilibrium. 
In the previous sections we have found that for 


stress fields independent of x; the discontinuity in 


displacement is a constant. As is well known, in an 


actual crystal this constant must either vanish o1 


be equal to a /attice translation or slip vector defined 


as the shortest vector connecting two atoms in the 


structure which have identical surroundings 


crystal 


In a face-centered cubic met il, there are six pe yssible 
slip vectors, one in each of the six [110] directions 
foul 


in a body-centered cubic structure there are 


possible slip vectors corresponding to the tour 
directions. 

When the discontinuity in displacement vanishes, 
the bad region is either an extra row of atoms or a 


missing row. Since such a situation would be un- 


likely to occur unless two unlike dislocations on 


adjacent slip planes ran together we shall considet1 


this as a spec ial case of a dislocation array and 


proceed to investigate the stress field around a 
dislocation. 
If the slip vector is a,, the conditions for 


dislocation are 


Au a 
F 


6.1 


We should also see whether there is a net coupl 


the inner boundary. It may be shown to vanish 


however we choose the D cl 


From (5.2) and (5.3), conditions (6.1) becom« 


Equations 6. an SYSTeM 
determination ol 


ind D 


required to represent 


linear equations tor the 
and imaginary parts of D.,), D 
gveneral il] three /’s are 
simple dislocation. Similarly 
in the Cast to 


repre sent 
internal force at the origin 


In [1] 


be found by 


1 solution Could 


it was assumed that 


taking w 0, that is, A 


allowable in the sense that it will certainh 


kor in ed dislo itl 
then possible to prescribe the conditions Au 
Au do, F 0, F 0. Fa. is 


not vanisn 


state ol stress. 


then 


ind in general does unless ( 


Hence, except when the plane isa s' 


plane, the expressions in repress 


255 
(5.2) Au, = 2) D 
l 
=I 
) D 
+ 281 
953 
| | 
6.2) a AwwiD 
0 
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plus a force along the x-axis 
= (0. The 


was overlooked in the original paper. 


tions they purport to, 


necessary to maintain a state with 
presence of Fs 

In an infinite body with the requirement that the 
shall the Cy, 


n > 0 are excluded and so also is the more general 


vanish: at infinity, with 


stresses 


tvpe ol dislocation considered in the appendix. 


Then along any straight line through the origin the 
stresses Can be expressed as a series of inverse 


powers of r = (x,° + x;°)?. The term in r~! is fixed 


by the D;, and 
n <0, that is, by conditions at the inner boundary. 


the higher terms by the C 


Thus at large distances from the origin the state 
of stress is determined solely by the Burgers vector. 
By adjusting the C;y+, we can make the outer 


surface of the cylinder stress-free. If we cut out a 
cylinder of finite length there will be a distribution of 
stress on the ends. This will have zero resultant, 
but not in general zero moment [4]. When these end 
stresses are removed the cylinder will thus be twisted 
and the u; will not be independent of x; even if end 


effects are neglected. 


7. Dislocations in Special Cases 


In this section we consider the case where the 
XX» plane is a plane of symmetry. Then the prob- 
lem is considerably simplified in that the compo- 


nents of stress in the x; x2 plane can be expressed 


in terms of derivatives of u; and ue only, and the 
stress components in the x; direction in terms of u 
- that is, Cas; 


only = (0. This means that the matrix 


expression for A, splits so that A; does not mix with 
A, and As», or 
A »3 = 0. 


We shall treat u 


in other terms, A 1 


first for the general case where 

is a plane of crystal symmetry and then deal 
with #; and #2 together for the more specialized case 
where the x;-axis is a crystal axis in a cubic crystal. 
implicit in [1], but we here 


The latter results are 


carry the calculations out explicitly and reach 


an expression for the shear stress on any plane 
parallel to the slip plane of the dislocation. A 


knowledge of this quantity is sufficient for many 
problems; 


for example, determination of the possible 
stable 


arrangements of two-dimensional arrays of 
dislocations or calculation of the energies of single 


dislocations [1] and grain boundaries [5]. 


a) Screw Dislocation in a Simple Case 


It is convenient here to adopt a conventional 
notation, replacing the fourth-order tensor C by 
, where the 


the elastic constants sg, Cie, Cas, 


pair of subscripts 11 is replaced by 1, 
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33 by 3, 23 by 4, 13 by 5, and 12 by 6. Then in the 


present symmetrical case where = C15 = 


= Cos = Cog = 0, we have 
Ou; 
T C45 
Ou; 
OX» 
Substituting these into the equilibrium equation in 
the x; direction 


OT 23 
= 0 
Ox, 


OT 13 
(7.2) 


gives an equation corresponding to (3.9) of the 


general case: 


Jus , 5. 


=(), 


55... 2 C445 2 
= Ox, OX2 


the solution to which is an arbitrary function of 
Xx, + px2 where p is complex and is a root of 


(7.4 C44 p + 2 C45 C55 = 0 

The two roots of (7.4) are complex conjugates and 
the condition that u; be real requires that the two 
solutions also be complex conjugates. We therefore 
take either root and set 


(7.5 u 


= J PX2 


where it is understood that only the real part of the 
complex right-hand side is to be taken. The condi- 
tion that the stress be analytic requires that the 
arbitrary function be of the form (4.2) where only 
the 
We therefore express 13 
constant D, 


logarithmic term need be considered here. 


in terms of the complex 


(7.6 


If a3; is the component of the slip vector in the x; 


a3. From (4.9) 


direction we have: real part of D = 


the stress function @3 is 
[Cso31 + f(x1 + pre) , 


or in the present notation 


(7.7) = [Cas + Cas] f(x1 + pre). 


! 


Therefore the vanishing of the net force F; 
in the x; direction gives 


(7.8 D (C45 + p C44 = 


which is the third of equations (6.3) for the present 


case and determines the imaginary part of D. 


— 
D 
|| = In (x1 + pre). 
£93 
22 by 2, 
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The 
(7.1 


When the axis of the dislocation is parallel to a 


stresses are then readily determined from 


crystal axis in a cubic crystal, c4; = 0 and cs; = c 
the 


so that equation (7.3) reduces to Laplace 


equation, and uw; and the associated stresses are 
given by the same formulas as in the isotropic case, 
the constant c4, being used for the shear modulus 
[6]. This leads to 2 = x; + ix. so that Inz = In 
ry +10 in cylindrical coordinates. The first term 
represents a concentrated force along the x;-axis, 
the second a screw dislocation. Another simple 
example of practical interest is a pure screw disloca- 
tion parallel to a (110) direction in face centered 
cubic. Taking the x;- and x2-axes parallel to [110] 
and [011] respectively and using the elastic con- 
stants C11, Cie, Cas referred to cube axes, we have 


— p> =2 Cas/ (C11 — Cie) = B*. It is convenient to 


express the two non-vanishing stress components 
in cvlindrical coordinates: 


2rB r 


(1 — 8°) sin 


C44 AZ 


r cos’ 6+ sin’ 


(b) Edge Dislocation in a Simple Case 


We now consider the state of stress in the x; 4 
plane when the axis of the dislocation is along 
the axis of a cubic crystal. As we have seen in the 
last section, “; can be treated independently and is 
the same as in the isotropic case. We thus have only 
two equations for the determination of the displace- 
ment and stress in the x; x2 plane, and there are 
the 
The constants A,, A 


terms in general solution 


(3.8 


two independent 


which is of the form 


and /f are given by (3.9) which in this case becomes 


+ P°Ci212) As 
(7.10a 
+ 


or in terms of the small c’s, 


(7.10b) 
(Cio C44 P Ci 


The determinant vanishes for the four values of p 


given by 


(7.11 
where a@ is given by 


(7.12 
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and is real for the common cubic metals 


appendix). The corresponding eigenvectors A, 


be chosen with A 1 so that the values of 


The general solution for the displacement is there- 


fore 


where 274 t+ and z x, — For 


an analytic distribution of stress the f’s, as we have 
seen, are of the form (4.2) where only the logarithmi 
term need be considered. Expressing these functions 
have to determine the two 
and D 


bv (6.3) for the slip vector and (6.4 


in the form (6.1), we 


complex constants Dy These are given 
for the vanish- 


9 


ing of the net force. For the present case (6.3 


bec omes 


6.4) becomes 


0 = DyIC, 


terms ol 


which may be expressed 11 


where, as throughout, only the real part of complex 


expressions are taken. Equations 9.7 ind (9.8 


are four linear equations for the real and imaginan 


parts of the two complex constants from which thi 


stresses are obtained 


displacements and then the 


dire tion so that 


When the slip vector is in the 


7.17) D D 


[he most important quantity to be determine 


applications ol dislo ition theorv is the shear stress 


on the slip plane. In the present case tnis is 


LBY Al O57 
719 
iis A A 
T 
Av + Avg fray [2 
(7.9 15) 7 = Da + 
(7.1! 
ag Ay Diy) + Aw D A — Dy]. 
Le 
>; Aa) + A 
953 
A 
0 A D 
7.16 
( + e A D + J) 
(Curse + Ciza)pA 
+ pCa Ai t+ + C44) p A 0, ( 
, Pi é » é 
= 5 COS | T 
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Axi 


where c{,, Cfo, C4, are the elastic constants referred to 
axes rotated counter-clockwise through 45° about the 


¥;-axis and are given by 


7.20 


+ C12 


APPENDIX 
The General Solution: Wedge Dislocations 


The most general type of multiple-valued dis- 
placement consistent with continuous and _ twice- 
differentiable strains is known from the classical 
work of Weingarten and Volterra (see, for example, 
Nabarro |{7| 
results it appears that by assuming in section 5 that 


dt ] dz 1 


excluded 


the review article by From their 
valued we have 
order VI. (The 
first three orders are included in the analysis of the 


IV and V 


would not be independent ol x 


is analytic and single 

Volterra’s dislocation of 
text, whilst for orders the elastic state 
Weingarten’s and 
Volterra’s results are very general, being essentially 
geometrical, and depending neither on Hooke’s law 
nor the equations of equilibrium. Nevertheless it is 
interesting to see how the most general dislocation 
state arises in our analysis. The stress is assumed to 
be analytic and single valued; this is equivalent to 
single valued and 


the strain is 


the 


that 
Since 


issuMing 
con- 


the 


is somewhat more 


general 


analytic. strain 


venient to work with, we use to obtain 


strain corresponding to the equilibrium 


solution (4.7). This gives 


dal 


dz 


O as in the text. 


Equations (A.1) are a system of only five linear 


7 = 3 being trivial) for the real and 


equations i= 
maginary parts of the three f’s. Thus (A.1) can be 


solved for five of these functions in terms of the 


sixth function and the strains. For example if we let 
= Un A.1) tor l 


. Differentiating this solution 


we can solve 


in terms of I’;; and e 
with respect to the real and imaginary parts of z 
gives two equations for the first derivatives of U’ 
the real 


the 


and V and imaginary parts of being 


taken independent variables. These two 


as 
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equations added to the Cauchy-Riemann equations 
make four equations, which can be solved for the 
four first derivatives in terms of the strains, which 
are analytic single-valued functions. Thus d?/ 

d*z 


good region and, by 


is an analytic single-valued function in the 


Laurent’s theorem can be 
represented by a series of positive and negative 


powers of 2,,. Therefore the most general form of 


the sign of 277 being chosen as in the text. 
(A.2) differs from the expression (5.1) only in the 
addition of the term in B,,. We now consider the 
physical meaning of the additional term. 
Unlike the other constants in (A.2 


imaginary parts of the B,, are not independent but 


the real and 


are related by the five equations for the vanishing 
of the discontinuity in strain Ae;; = 0 which from 
(A.1 


and (A.2) gives 


Boy = 0. 


Whatever new feature is introduced by admitting 
the terms in B,, may thus be described by a single 
We shall 


meaning of this constant. 


real constant. now find the physical 


First consider the force F; = Ad; corresponding 
to the By». From (4.9) and the first term of (A.2 


we have 


AA) 


Remembering that p 0, we can 


write (A.4) as 


The first term vanishes because C joga is symmetrical 
A.3 


metrical. This fact enables us to write the second 


in a and 8 while by the sum over / is unsym- 


term as 


(A.6) = — x2 Citra dy Pine Pins B 


which vanishes by the equilibrium conditions in the 


form (4.6). Thus the B,,, give no contribution to the 
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= 
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force and equation (5.3) for F; in terms of the D 
is still valid. 

Let us now consider the discontinuity in displace- 
2). This 


ment corresponding to the B,, term in (A. 


1S 


(A.7) 


Aue = Ben Xa - 
l=] 


If we define 
(A.8) o= Aw Bu Pine 

i=1 
and make use of (A.3), (A.7) can be written in the 
vector form 
(A.9) 


Ai=axX 


where X has components x; and x2 and @ is parallel 
(A.8). Thus the 


discontinuity in displacement corresponding to the 


to the x3-axis and of magnitude w 


B., term in the general expression (A.2) represents 
a rigid body rotation of the adjoining surfaces about 
the x;-axis. This would occur if a cylinder were cut 
and sprung open or a wedge-shaped piece were cut 
out and the adjoining surfaces cemented together. 
In a crystal there would clearly be a relative rotation 
w of the lattices on opposite sides of the cut, so that 
the wedge solution is inadmissible in applications 


to a crystal lattice. 


(11) Proof that the p,, are Complex 


The condition that the energy density be positive 
for any state of strain is 
Ou; OU 


(A.10) 


Ox, OX, 


for any real set of e;; or dx, not all of which 
vanish. 
real. 


(4.6 pi = l 
found by solving the three 


Suppose that in and p» is 


Then the ratios of the A, 
equations (4.6) will be real. Hence the A, may be 
chosen real and not all zero. Multiplying (4.6) by 


A; and summing over 7 we have 
A 1 A; Pa Ps C Dka 
According], the choice 


Ou, 


Ox 


a 


will lead to a zero energy density for a non-zero 


strain. Hence the assumption that pe is real is 


inadmissible. 
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We can also give a direct proof from the determin- 
antal equation itself in the special cases considered 
\.10 


It is convenient to write in the form 


2, 
l 


és,.... Putting 


4, 


(A.11) 


with = é1,..., 
és = 1, and the other e; zero we have C4, p 
b+ cs, > 0, showing that the p of equation 
cannot be real. 


The quantity @ (equation 7.12) can be written 


in the more expressive form 


where o = + is Poisson’s 


the (100 


‘‘anisotr¢ 


extension in direction and A 2 


11 7 is the factor’ for a cubik 
crystal [8]. (We are indebted to Dr. H. Brooks 
We have 


\.11 


1: t+ @o; €} =e e 


C11 C1 


for pointing this out. to show that a is 


never purely imaginary. In put successively 
with the 
unspecified e; zero in each case. We find that « 

Note that 


( ub 


T 


are all positive. 
Coo = ¢ and C\2 ( = ( in 1 
crystal.) From these relations we easily show that 


l<go and A > VU 


It follows that cos a is purely imaginary if 0 
or purely real and less than unity if 1 < A 
and so @ is complex or purely real. From Table : 


8] it is that the common cubic metals 


into the class with real a 


seen 


he quantity 6° introduced at the end of 


} 


7a is equal to A and so the associated 


imaginary 
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und die Kurdjumow-Sachs Orientierungé 


dass der (225)A Habitus als Folge der Drehung 
\ustenit entsteht, wahrend der (259)A Habitus 
verbunden ist. Gleitung in jeder der Phasen ka 
gemacht werden, die ihrerseits Verinderungen 


Orientierungen erklaren. Die Verallgemeinerung, dass die Habit 


dener martensitischer Umwandlungen, an denen 


n die urspriinglichen Charakteristika der tua lt 
tion von Legierungen mit Eisenbasis sind, und dass spot 
bainitischen und martensitischen Strukturen modifiziert 


der (sre 


in dem 


k ibische Phase 


TRANSFORMATIONS 


insiorma- 
Gleit 
Weiterhin 
I zflac he fort 
der 


tane Ing diese zu de beobachteter 

i Hypothese iufgestellt 
\ bei Gleitung 
iiberwiegend leitung im Marte 

verantwortlich 

} } 


mit 


fiir die Kristallgit 


us I be 
} 


teilnehme 


Ebene vom Typ jhhl} zu erscheinen, wird durch spontane Deformation erklirt 


punkt 


begleitet 


aus erscheinen Scherungsumwandlunget 
und nicht durch Scherung hervorgerufen 


Introduction 


Undoubtedly the decomposition of austenite in 


iron-base alloys has been the most extensively 
investigated transformation in the alloys of a single 
base metal. Consequently the know ledge for these 
alloys should form an important part of any gene- 
ralization regarding transformations. The investiga- 
tions have been about equally concerned with the 
crystallographic mechanism, with the kinetics, and 
with the property changes produced by heat treat- 
ment. On the basis of these studies three primary 
reaction products, namely, pearlite, bainite, and 
martensite have been identified and their formation 
has come to be regarded as three distinc t processes. 
Of these three processes, the nature of the formation 
of martensite has been perhaps the most evasive 
Consequently any discussion of the crystallography 
of transformations should devote a_ substantial 
proportion to the features of martensitic structures 
found in iron-base alloys. Martensitic transforma- 
other 


tions have also been found in a number of 


metals and allovs, and their characteristics have 


been enumerated in detail in a recent review [1]. 


Perhaps the unique feature of the transformation is 
structure is formed in a “‘diffusionless”’ 


the 


that a new 


manner; reaction occurs under conditions in 
which chemical segregation by long range diffusion 
in solid solutions does not occur or in pure metals 
diffusion need not occur. The kinetics of the process 
have been clarified by the recent theory of nucleation 
[2]. Various proposals during the last few years 
regarding the mechanism of formation of martensite 
which were based on crystallographic aspects have 
necessitated the present critical review from which 
will evolve a new and more general viewpoint on the 
mode of formation, one consistent with nucleation 


theory. 


Observations for Iron-base Alloys 


In addition to a knowledge of the initial and final 
crystal structures, crystallographic data from which 


mechanisms may be proposed are of two types: 


und martensitische Strul 


1) orientation relationship of the product lattice 
relative to the matrix lattice, and (2) habit plane 
which defines the interface between the matrix and 
and which is 


Phe 


expressed as 


plate-like parti les of the product 


usually referred to the matrix lattice. orienta- 


tion relationship is usually 1 pair of 


mutually parallel planes in the two lattices—the 


conjugate planes— and a pair of parallel directions. 
On the other hand, the most general description 
of the orientation relationship from X-ray diffraction 
data is in terms of two or more sets of parallel 


directions such ; 


iS: 


(101|M 
111]M 
121]M 


110 
L12|A 


Kurdjumow 
Wasserman! 
M 
t carbon steel. In ordet 
101)M 


a knowledge 


The above relationship was found by 
and Sachs [3 


t] for the orientation of martensite 


and later confirmed by 
relative to 
austenite (A) in a 1.4 per cen 
to spec ify parallel conjugate pl ines suc h as 


LI1)A, 


habit 


further information such 


iS 


of favorable matching of atom 


arrays on the two planes 


plane OI 


is required. Kurdjumow 


and Sachs proposed that the atomic movements to 


form martensite from austenite could be represented 
bv the shearing of {111!A planes in a [211] direction 
followed by suitable expansions and contractions to 
complete the transformation 

[he orientation of martensite in an 30 


Ni alloy 


Nishivama 


195°C was found by 


transformed at 
be 


16’ 


cent 


somewhat different from the 


above: rotated 5 about an axis normal to the 


conjugate planes to clve a different pair ol parallel 
directions. This orientation 

Wassermann [4] whereas Mehl found 
that the Kurdjumow and Sachs relation obtained at 


20°C to 240°C and the Nishivama at 195°C in 


was confirmed by 


and Derge 


Fe-Ni alloys. Nishiyama also proposed a mechanism 
for the formation of martensite in which the atom 
movements could be represented by the shearing of 
planes followed by 
Several 


idjustments in 


other orientation relationships 


spacings. 
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TABLE |] 


CRYSTALLOGRAPHIC RELATIONSHIPS FOR 


Material 


Observer 


1O1)M: [111JA 


Kurdjumow and Fe-1.4 per cent C 

Sachs [3 

Greninger and Fe—22 per cent 

lroiano {7 Ni-O0.8 per cent C 

Neerfeld and Fe-30 per cent Ni 

Mathieu [8 Fe-18 per cent 

Ni-8 per cent Cr 

Meteoric Iron (Fe—Ni 0.6 to 2.1 
Fe-30 per cent Ni 0 


Young [9 


Nishivama 


which are intermediate between that of Kurdjumow 
and Sachs and that of Nishivama have been identi- 
fied and the angular differences are shown in Table I. 

The habit of the martensite plate which was once 
believed to be {111}A as for ferrite in slowly cooled 
Fe-C 


and 


and Fe-Ni alloys was found by Greninger 


Troiano |10] to be irrational and dependent 
upon alloy composition. For iron-carbon alloys they 
{225}A 


and 


found that the habit plane was approximately 


in alloys with 0.55 to 1.4 cent carbon 
1959!A in 


The 


per cent C 


per 
1.78 carbon. 


Fe—1.23 
11.5 per cent Ni alloy cooled to — if 


~ 
0.92 %C,450° oh 
0T004%C 
iC 


MART., KS 
0.92 %C, 250° 


an alloy with per cent 


1259!A habit was also observed for a 


0.92 %C, 350° 


0.92 % C-MARTENSITE 


a 
(225) 7 
1.40 %C-MART 8 %C, 200 
9,22,33) 


Fe-Ni-MART AT 
-77°C @-192°C 
| 
78 
100° | 


relations and stereographi 
les 


pro 


ng observed pr of habit planes for 


ecompositl 


while the was only slightly different from 


habit 
1259!A fora I 


to either 


e—32.5 per cent Ni alloy when cooled 
77°C 195°C. 


planes spread over the areas outlined in Figure 1. 


= The observed habit 


In low carbon alloys they report a plate-like array 
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\ngular separations Others 


{110)A 


101]M: [112)A 
102|M 
201)M 


112 
110 
111 
0.8 to 3.1 

5°16" 101)M 
010|M 


112 
110 


of martensite ‘‘striations” parallel to }111{A much 
the same as Mehl and Smith [11] observed for pure 
The 


products were also determined by Greninger and 


iron. habits of isothermally formed bainitic 


Troiano; they are included in Figure 1 since they too 
tend to be irrational and increasingly depart from 
|} 111{A as the temperature of formation is lowered. 
Similar results for the habits of martensite and 
bainite were observed by Smith and Mehl {12] in 
a 0.78 per cent C alloy and their results of orienta- 
tion relationships are indicated in the habit areas 
for the 0.92 per cent C steel in Figure 1 along with 
those of Kurdjumow and Sachs (IKXS) and Nishivama 
for Fe-1.4 per cent 


tively. The Kurdjumow and Sachs relation has been 


and Fe-Ni alloys, respec- 


found to obtain for ferrite in slowly cooled 0.4 per 
cent C hypoeutectoid steels by Mehl, Barrett and 
Smith [13] and in slowly cooled Fe-27 per cent Ni 
alloy by Mehl and Derge [6]. Mehl and Smith [11] 
concluded that the Kurdjumow and Sachs relation 
probably obtained for quenched pure iron but their 
pole figure analysis exhibited considerable spread 
toward the Nishiyama relation. 

\s the result of finding habit planes ol high index 


10] 


that shearing 


Troiano 
ol 
processes appears untenable.”’ This conclusion was 
11] 
proposed for shear should be parallel to the habit 


rather than Greninger and 


concluded “the whole picture 


based on the assumption that the A plane 


plane and has led to the abandonment of the simple 


pictures of Kurdjumow-Sachs and Nishiyama for 


describing the atom movements during the trans- 
formation [14]. In a subsequent paper Greninger 
the relief 
Fe—22 


Troiano |7| made an analysis of 


and 
etfects formed the surface when an 


Ni-.8 


195°C. and proposed that 


on per 


cent per cent C alloy was transformed at 


the martensite was 
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formed by the operation of two successive shearing 
processes. To explain the relief effects it was assumed 
that the first shear occurred parallel to the habit 
plane in the experimentally determined direction. 
A second shear using the normal glide elements 
(112)M{111]M was then required to complete the 
and Troiano observed 


transtormation. Greninger 


the intermediate orientation relation listed in 


Table | for the untempered alloy, and found that 
on tempering at 500° to 900°C the relation changed 
111)A and (101)M became parallel with a 
Nishiyama 
relation. These observations are indicated in Figure 
| by the symbol GT-N near the (9, 22, 33 


which was approximately the 


so that 


departure of only about 1° from the 


index 


habit observed by 


Greninger and Troiano for a_ single martensite 
crystal that had been polished parallel to the habit 
plane. The results on the latter sample represent the 
only observations yet published which relate the 
orientation of the martensite lattice directly to the 
habit plane of the martensite plate. 

15] 


initial 


1S 


The approa h of Jaswon and Wheeler 


mathematical one based solely on the and 
final structures and their relative orientations with 


Cher 


roposed mechanisms for the 


no consideration given to atomic paths. 
criticize previously 
formation of martensite since the prescribed paths 
appeared to be arbitrary. They assumed that of all 
cell 


a unit cell of martensite of 
Sachs 


the possible distortions of a unit of austenite 


which could generate 


chosen variant of the Kurdjumow and 


orientation relationship the one which actualls 


occurred was the one which produced the minimum 


displacements of the atoms. In this way a unique 


correspondence Was set up between the positions ol} 


atoms in the austenite structure and their subse 


quent positions in the martensite structure which 


confirmed that proposed by Kurdjumow and Sachs 


When this correspondence is known a strain tensor 
can be set to the distortion of the 
austenite 


up represent 


is to torm 


which 
ol 


three proper planes whi h do not rotate gave 


structure required 


martensite. Solution the strain tensor for the 


the 
interesting result that one of these unrotated planes 
was the (111)A, the second deviated up to 1° from 


third was within 13 


with increasing carbon content, and the 


° of (225)A. These three solutions 
for planes which do not rotate were assumed to 


225)A for higher carbon contents up 


represent the habit planes: for low carbon 
allovs and (22: 
to 1.4 per cent. A further conclusion of the Jaswon- 


Wheeler that ol 


martensite developed as a necessary consequence of 


analysis was the tetragonality 
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the assumption that the displacements of the iron 
and carbon atoms in austenite constitute a common 
homogeneous deformation when martensite is form 
ed. 
Bowles [16] has confirmed the minimum displace 
ment hypothesis ol Jaswon ind Wheeler by demon- 
strating that these displacements produce the lattice 
and 


he 
the 


plane transformations observed by Greninger 


froiano. Bowles concluded that paths must 


ascribed to the atoms in order to explain 


observed relief effects since the simple homogeneous 


distortion from the initial to the final structures 


analyzed by Jaswon and Wheeler made no provision 
for explaining the reliet effects Bowles proposed that 


Greninger and Troiano imposed an_ unjustified 


restriction when they analyzed the martensite 


reliet aS a shear. Inste id Bowles proposed to resol ve 


the total transtormation strain into two homo 


gveneous distortions, each of which was characterized 
by 


undistorted or 


ol ind al 


ol 
Phe 
strain is 

By 


iriant of the 


a single direction motion atoms 


invariant plane mode of opera 
| 


tion of a single Bowles-t' pe illustrated 


by Figure 2 for a simple, arbitrary ca i method 


ot stereoer: inalvsis ol \ Kurd 


jumow-Sachs orientatio1 


Wheeler result 


Bow les 
that the 225)A 


re not rotated ind propose 


the J iswon ind 


the first distortion W 


ind the 
that 12IA (22 \ and the 
112)M where the 


itom 


second distortion was 


direction refers to the di moveme 


ind the plane Is the ul Diane ior ¢ ic] 


direction of atom movemen The first distortior 


undistorted 


which utilized the habit ine as the 


plane produced the reliel which 


consisted ola simple tilting of the 


surtace ibout its 


Che 

relief effects for a 1.35 per cent ¢ steel were confirmed 
The distortion was the 

simple shear proposed by 

had 


between opposing blocks of unit 


intersection with the habit plane observed 


in this way. second 


Greninger and Troiano 


and to be assumed to occur heterogeneoush 


cells in order 


cause no observable change in the shape ot tl 
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Cohen [17] studied the relief effects 


Machlin and 
for an iron-30 per cent nickel alloy as an example 
of a |259}A habit system with the idea of correlating 


the Greninger-Troiano or 
relationship much the same 
(225)A habit 


displacement 


this habit with either 
Nishiyama orientation 


had 


IKurdjumow-Sachs 


as. Bowles done for the and 


relationship. The 


of scratches on three mutually perpendicular 


surfaces of a single crystal were measured and used 


to express a strain matrix. It was shown that the 


measured strain was not sufficient to generate the 


nartensite lattice from the austenite as a wees 


homogeneous strain in agreement with previous 


observations of Greninger and Troiano and Bowles. 


Machlin 


plane of the strain 


and Cohen showed that the invariant 


agreed fairly well with the habit 


plane and it was assumed that the measured strain 


was the first of the two Bowles-type strains.* The 


second strain was then calculated on the basis of the 


Grening orientation relationship. Their 


results gave the followi oO descriptions of the two 


strain elements: 


( he ( king by the 
that 


Cohen found on 


hlin and 


stereographic analysis proposed by Bowles 


the first invariant plane was somewhat closer to 


33)A than Their results suggested 


tion relations will be iated 


assor 
: Kurdjumow-Sachs rela- 
251A habit, Trotano relation 
habit and Nishi 1\ 


eX] la the 


I 


ima relation with 


correlation by im- 
to the 
will det 


plane and 


strain 
termine the 


n ener path 


invariant this in turn 


determine the final orientation relation- 
A cooperative phenomenon whereby a plate in 
ted others of orienta- 


both h 


evidence for the 


rientation stimula 


abit svstem They 


Ti0ons was ussed ior 


showed metallogr phir existence of 


heterogeneous strain correspond- 
Subt 


1 croscopically 
ing to the 
the martensite 
Ni-C alloy 


( arbides along the 


predicted second strain. vands within 


were revealed by tempering an Fe- 


resumablv bv the precipitation of 
] 


twin-like boundaries. 


*The | ibit plan let by tne iste ite-martensite 
microstru ire, » invariant plane of the 
distorted in 


terface in the 
Bowles-ty pe str Li or t piane 
the Machlin-Coh«e i 
of the proper planes of the strain 
Wheeler analysi 
quently are regarded ; oincidir and are 
mous. 


which is not 

relief effects, < 
tensor in the Jaswon- 
atom sites conse- 
presumably 


irtace ind one 


based coordin ates ol 


synony 


VOI 
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Barrett and Bowles |1] have extended the double 
strain analysis to intermediate orientation relation- 
ships between the Kurdjumow-Sachs and Nishiyama 
show the manner in which the predicted habit 
{995'A for the 


prediction for the Nishivama was {110}A which is 


plane varies from former. The 
in some disagreement with that predicted by Machlin 
and Cohen. 

Frank [18] has proposed a dislocation mechanism 
for transforming the austenite lattice to the marten- 
the {225!A hi ibit 


Sachs orientation relationship. The 


site lattice using and Kurdjumow- 


model is con- 
fronted with the same difficulty as the previously 
described ones in that small adjustments in inter- 
spacing must sometime during the 


atomic occur 


transformation to give the correct lattice parameters. 


Frank proposed that this strain is taken elastically, 


subsequently adjusted by plastic deformation 
all the 
slip and twinning accompanying the transformation. 
that the 


r on the 


and 


in conformance with observations of minor 


Bowles first distortion was 
(101)M plane, 
and the 


He pro} yosed 
iene to a shea accom- 


panied by change in lateral spacing second 
to a heterogeneous shear generated by the motion of 
111]M screw (112)M 
A notable latter motion does 
not need to be specified as occurring 
ttice; 

in the 1 


dislocations on the 


is that the 


plane. 
difference 
second, and 


the martensite la instead he visualizes the 
ion front, and 


Frank 


Greninger-Troiano relation- 


dislocations moving ransformat 


the def 


noted that 


ormations occurring simultaneously. 
probably the 
ship could o given an essentially similar interpreta- 
but that 


relationship had yet been found. He suggested that 


tion no interpretation of the Nishivama 


since the martensitic transformation in_ steels 


could go in alternative ways, the choice is presum- 


ably determined at the nucleation of a martensite 


plate. He discussed various factors which could 


nfluence the 
nucleation 


volume and surface free energies which 


govern and emphasized the production 
of a minimum in the surface free energy to favor the 
chosen orientation for the nucleation of martensite 


plates. 


Limitations of Double Strain Mechanisms 
and Some General Aspects of 
Transformation Structures 


Although much thought and excellent analytical 


work have been directed to an understanding of 
martensitic structures, the current status is not very 
It is not at all certain that the 


strain paths which have been ascribed to the atom 


satisfying. double 


motions for forming the new structure exclude simple 


First Strai sec’ d Strai 
Invariant Plan 259)A within 2 235) M 
Direct f atom mot L56)A witl 2 111)M 
that differe 
with differ 
34, 46}A habit. They 
habit plane as the 
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mechanisms that are equally consistent with the 
facts. Nor is it certain that the macroscopic distor- 
tions and surface relief effects upon which are based 
direct 


double strain proposals are in any way 


involved in the formation of the martensite lattice 


from the austenite. In other words while it is 
obviously true that the visible distortions accom- 
pany the formation of martensite, they may have no 
role in the primitive process of forming a body 
the 


austenite. More specifically, past treatments are not 


centered lattice from face-centered cubi 
satisfying because successful analysis of the {259}A 
habit has not been made in any of the previous 
reports; the attempt of Machlin and Cohen suggests 
19, 22, 33}A 1°53’ from {259}A 


Figure 1). This result agrees well with the habit 


which is (see 
observed by Greninger and Troiano from which one 
can conclude that the {9, 22, 33}A habit rather than 
{259!A Corres] yonds to the Greninger- Troiano orien- 
tation relationship.* The {259}A habit thus remains 
unexplained. The whole assumption that a particular 
habit plane must be associated with a particulat 
orientation relationship is of questionable validity 
particularly when results for bainitic structures are 
considered along with martensite as in Figure 1. 

Why the habit and orientation relationships vary 
from pure iron to different alloys and with tempera- 
ture still remains as the most prominent question 
concerning martensite. Perhaps some insight might 
be gained by rationalizing the structural features 
associated with transformations. 

In diffusion-controlled transformations the sti 
well rationalized on th 


tural features can be fairl, 


basis of the energetic aspects of nucleation. For 
example, discrete and simple orientation relation- 
and the 


ships obtain between the parent lattice 


product with parallelism of low index planes of good 
matching in order to minimize interface energy. I! 
be 


with 


still 


additional elastic strain energy can tolerated 


then the product forms coherently precise 


at the 
in the surface energy. 


matching interface and with further 


reduction A spherical sh Lpe 


is consistent with minimum surface energy but when 
surface energy can be minimized by the existence of 


orientation relations and coherency other factors 


tend to control shape. The particles are frequently 
platelike with well-defined, rational orientations. 


The occurrence of plates has been attributed to (1 


more favorable diffusion conditions, (2) minimum 


*The habit which is marked ‘‘H”’ in Figure 9 was determined 
from a gnomonic projection of a martensite plate published 
by Greninger and Troiano. Frank [18] referred to this habit 
as {3, 10, 15}A which is 4°50’ from }259}A and 3°20’ from 


{9, 22, 33} A. 
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strain energy for a given volume of material, and 


3) minimum surface energy when the _ largest 


surface is that of ood lattice match. J he orientation 


of the plates, that is, the habit plane, depends 


either upon the attainment of minimum 


strain 


laste 


energy as controlled by the anistrop' ol the e 


constants of the product? or again upon the mini- 


mum surface energy provided by the orientation 


1 


conjugate plane 


relationship with the low index 


being parallel to the habit pl ine artensite wl 


tetragonal is a transition structure but it 


the conjugate planes like the 


Phe tet! 


virtue of the carbon atoms in 


coherent on 


coherent precipitate. eonality aris¢ by 
iustenite being moved 
ilong with the iron rather than by 


rhe 


neither well defined nor rational thus 


virtue of coher- 


ency at the interface. habit plane for martensite 


it is difficult 


1S 


to account for on the basis minimum surface 


such based O! 


nergy. Presumably 


ot habit 


criterion 


torms the basis for discardit 


irrationality 
movements dk ribed 


Nishin 


rabit planes were discovered 


the simple atomi 
and Sachs when 


habit 


isiderin 


ind uma 


tensit usu fined by cor 


placed dow! 


mmetricall | 


Ine RB { 
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for sing 
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and be use 


SNOu! 


the cnaracte 


} 
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tance have now peel 
dominant role which sz 


Widmanstatten pa 


features are attributed to processes which ten 


the thes 


minimize strain during the ition. 


transtorm 


precipitate a d 


the same ort it10 


index 


with 
matching of low 


an interface of low 


| 
3 rved habit 
sti t (the particles are ( ent 
rot Tine CTVSIT I ST¢ 
other tactor n st be dol the develo ( 
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The processes include matrix recrystallization and 


plastic deformation which may occur concurrently 


with transformations in order to relieve the trans- 
stresses [19]. Recrvstallization which is 


formation 
nodular growth starting from grain 


manifested by 


ies has been identified for all three types ot 


nations in solid solutions: eutectoid decom- 


precipitation discontinuous 
(20 
nely diffusion-controlled and thus need 

the other hand, 


POs pearlite 


recipitati ordering This nodular 
| | 


prt cess 18 stro 


be considered further here. On 


not 


dence for concurrent plastic deformation should 


ev 
be examined in detail. 

The dominating factor in transformations which 
has not previously been considered in explaining the 
martensitic structure possibly resides in the plastic 
deformation which 
diffusion-controlled transformations. Much evidence 


rationalized. Of the precipitation 


the various 


may accompany 


has now been 


illovs, the case of copper-beryllium is outstanding 
2] 
to as a 


buted by Guinier [23] to slip on {110} matrix planes 


Prominent striations which have been referred 


martensitic structure [22] have been attri- 


is the result of transformation stresses. A spread of 


+ 2° in the orientation relationship has_ been 


attributed to lattice rotation accompanying the 
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slip [21]. Surface relief effects similar to those 
observed for martensite have been detected for both 
Cu-Be and Al-Cu precipitation alloys during iso- 
(24; 25]. The and 


revealed by etching of Cu-Be 


aging relief effects 


thermal 


striations which are 


LE FIGURE FOR NUCLEATION 
AND TWINNING MECHANISM 


pro 


001 


allovs are synonymous. Similar striations which have 
been observed for Cu-Au and Co-Pt ordering alloys 
have likewise been attributed to plastic deformation 
resulting from transformation stresses by Newkirk 
and co-workers [19] who referred to the process as 
‘‘self-deformation,”’ but “spontaneous deformation” 
is perhaps a more descriptive term and will be used 
here. Young [9] found that the various misalign- 
ments listed in Table I for a number of samples of 
ferrite in meteoric iron were not random but the 
(110)a pole followed a 
(111)y pole. He attributed the rotation to simple 


shear on {111}y planes that presumably occurred 


creat circle through the 


while the meteor was still hot but after or during the 


transformation. 

Spontaneous deformation by twinning during 
transformations has been the suspected source of 
another type of striation which has been observed in 
micro structures. Lipson et al. [26] attributed the 
banded structure of ordered Fe-Pt alloys to twinning 


on {110} planes of the ordered tetragonal phase as it 
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disordered cubic matrix. A similar 
In-T] 


attributed to twinning [27]. 
that the 


formed in the 


microstructure in alloys can likewise be 


Instead of assuming 
face-centered 


as required for no change in orientation as has 


conjugate planes of the 
cubic matrix and tetragonal product are the 
type 
[28], a better model for explain- 


slight 


conjugate 


previously been done 


ing the X-ray diffraction data is to allow the 
change in orientation required for {111}! 
2 


planes as in the lower central drawing of Figure 3. 


The orientation relationship is precisely 


(111 T 
Z [110]T 


where C refers to the cubic matrix and T to the 
tetragonal product. Such an orientation relationship 


will produce four “‘a’’ type poles at 40’ to the parent 


cube axis and four “‘c”’ 
the 
mechanism proposed by Bowles and co-workers [28] 
If the four 


each orientation of the parent product 


type poles at 56’ to the cube 


axis precisely same as for the double shear 


as shown in Figure 3. first order twins aré 


formed for 
then the additional poles in Figure 3 (right) are 


predicted. It will be noted that the pole 


Bowles’ double shear mechanism which agreed with 
the data is exactly duplicated by the central part of 


the pole figure for the nucleation and twinning 


mechanism. The additional poles more remote from 


the center where the parent cube pole is located 


probably represent the two twins which do not 


relieve transformation stresses and thus are not 


formed. Of the four possible twins for a tetragonal 
lattice 


twins would be 


there are states of stress for which only two 


effective and in the present case 


the two effective ones evidently are those which 


produce “‘a”’ or “‘c’’ poles as close to the cube pole as 
possible. 

The alternative mechanism for explaining the 
data for In-T]1 alloys evidently needs further clarifica- 
tion since the response to the twinning proposal [29] 
indicated misunderstanding regarding the number 


of possible orientations and type of twinning. 


While details may be incomplete, the 
ism is outlined in Figure 4 making use of 


twin mechan- 
all known 
experimental data. On this view the boundaries of 
the main bands are regarded as merely the termina- 
tion of lamellae of untwinned product (P) and first 
order twins (7) and have little 
regarded as a habit plane. Parallel main bands are 


significance when 
distinguishable from each other not by being twins 
but by being made up of differently oriented parent 
products and their twins. Second order twins are in no 
to the twinning mechanism 


way involved contrary 


figure for 
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While 


orientations of the 


that was tested by Bowles and co-workers. 


there are 12 possible parent 


product according to the orientation relationship 


previously mentioned and 24 twin orientations, only 
a single set ol 
Figure 4. 
Superposition of some of the poles occurs to give the 
Bowles [28]. 


hgure are 


f parent and 8 twins are involved 


main bands as shown on the right of 


8 apparent orientations discussed by 


The twins which explain the pole also 


those which make an angle of 60° to the main bands 


and 90° 


main 


to each other when they coexist in a single 
Bow les. \ 


erowth is illustrated 


band as observed by possible 


mechanism of nucleation and 


at the left in Figure 4. A coherent nucleus forms and 
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FIGURE 4 
twinning occurs during transfor 
represent twins ol the produ 
tetragonal pare! nt ict 
of illel 1 


Sil gle seri es 


plane in conformance with 


where the 


grows along the (111 


observed orientation relationship 


planes are the conjugate planes in the two 
When the size re 


becomes intolerable, a 


‘aches that at which the st1 


energy twin forms. Further 


rowth is accompanied by the spontaneous 


edgewise 


production of twins behind the moving coherent 


tips that are marked “C’’. Side-wise growth may 


consist of the edgewise advance ol the lamellae ol 


product and twin into the cubic matrix. The main 


bands are not smooth but reflect a slight uneveness 


in the termination of the twins (see [28, Figure ] 


and at verv high magnification discontinuities in the 


suggest that the edges ot the 


main band interface 
untwinned product may tend to retain a coherence 


with the cubic matrix [30, Figure 7]. The latter 


micrograph shows that the spacing of the twins is 


not as regular as illustrated in Figure 4. Nevertheless, 


the facts can be adequately interpreted on the basis 
yf spontaneous twinning during the transformation 


alloys. 
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The martensitic structure in a Cu-13.6 per cent 
Al alloy has several features which suggest that the 
is likewise accompanied by 


product 31]. 


transformation here 


twinning in the Two. orientation 


relationships are observed for the product, y’, in a 
single matrix crystal: one is the parent product and 
the second is the twin formed on the (10:1) plane. 


The microstructure shows that the y’ plates contain 


fine parallel striations which Greninger has pointed 


out are suggestive of twinning [31]. The twinning 


interpretation does not require that the so-called 
main bands remain either planar or parallel with each 
other as observed in In-T]. Indeed, slightly inclined 
but planar main bands have been observed for a 
martensite plate in Cu-Al [81, Figures 5 and 6; 14, 


Figure ld]. On this viewpoint the twins may termi- 


nate on quite irregular boundaries and probably do 
so in some alloy systems. 
lhe existence of orientation relationships both in 


transformations and in overgrowths provides an 


analogy which one should explore in detail in 


interpreting structural features. Of interest here is 
the fact that the role of plastic deformation in reliev- 
ing stresses during the formation of oriented over- 


growths has been recognized [32]. The most impor- 


tant effect of the strain transition process is the 


possibility Ol loss or change in the initial orienta- 


tion in this case. Van der Merwe [32 


which 


has summarized 


the evidence include disorientation by slip as 


the deposited film increased in thickness observed 


of substances and twinning in films of 


TOU ksalt. Cochrane 33] has 


observed twinning 


de] 

‘1 on copper to strains when 
} renth: wi 
» form coherent 

fhims On Various inorgantk 

likewise suggested that any 

underlaye1 


1 
a conerent were 


processes while submicroscopical 
uly was provided a role in the 
Van der Merwe [32 


the stress reliet process b ised on dislo ation 


has 


rmation. 


1 the formation of coherent monolayers and 


erowth with a spontaneous generation of dislocations 
‘ee boundaries when the misfit exceeds a critical 
lue, somewhat greater than 9 per cent for a mono- 


ind less when coherent films thickens.* The 


thick film to make it 


VM il] be 
the 


required to strain a 


substrate much greater 


than that necessary to cause spontaneous 


generation of dislocations which eventually make up 
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the incoherent interface. Such spontaneous flow is 
identical in purpose to that which has been proposed 
for heterogeneous transformations. 

The 


satisfving because the microstructures of transforma- 


double strain interpretation also is not 


tion products which have been referred to as 


martensitic vary appreciably in character from one 


material to another. This condition is in marked 
contrast to the microstructures observed for diffusion- 
controlled transformations: when the Widmanstatten 
pattern is resolvable the microstructures of aged 
allovs otf widely diverse 
Al-Cu, Cu-Ni-Co or Alnico 5 


practically indistinguishable. On 


compositions such as 
Fe-Ni-Al-Co-Cu) are 
the other hand, 
martensitic structures in In-Tl and Fe-base alloys 
for both of which double strain mechanisms have 
different micro- 
In-T] 


main 


been proposed have markedly 


The 


large 


structures. microstructure of alloys 


exhibits colonies of parallel bands 
whereas ke allovs exhibit single plates ol varying 
orientation. The substructure of In-Tl is prominent 
and well developed but that in Fe-C is revealed 
with difficulty since carbide precipitation is required. 
Finally, the 


relationship for martensite in 


and 
In-T] 
and discrete whereas those tor Fe-base martensite 
that the 
double 


geometric features orientation 


are rational 


are rather variable. It would seem two 


allovs could hardly have in common a 


strain mechanism of martensite formation. Perhaps 
gained by considering analo- 


some insight might be 


us structures that form in a diffusion-controlled 
transformation. One 
Co-Pt 


( ubi 


such transformation is the 


ordering of allovs in which the disordered 


face-centered phase Cal retained by 


quenching from 900-1000°¢ in ordered face- 


centered tetragonal phase can be formed by aging 


in the range of 400-700°C. A variety of microstruc- 


tures formed during ordering have been observed 


attributed 
Some of 


and some prominent features have been 


to spontaneous deformation [19]. the 


microstructures shown in Figure 5 have analogues 


among the martensitic structures. The structure in 
5a with main bands and sub-bands is very 
ll alloys [28]. Both bands are 


parallel to }110} planes while the sub-bands make 


Figure 


similar to that for In- 


angles of 60° with the main band and 90° with each 
In-Tl. The only 


tween the two alloy systems is 1n conjugate planes 


other analogous to difference be- 


of the product: {111} type in In-Tl and {110} type in 


Co-Ft. 7 he 


interface caused by the 


band 
the 


irregular nature of the main 


varied termination of 


twins is clearly shown for the thickest main band 


near the top of Figure 5a. Other areas of the same 


for a Variet) 
ttributed th t 
In a study | 
; 
strains induce 
speci 
{ Wied 
+} 
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sample exhibited striated zones of irregular outline 
as in Figure 56 rather than the planar boundaries of 
main bands thus illustrating that consistent macro- 
scopic geometry of the matrix-product interface is 
not required. Likewise the nature of the growing 
band edge which has not been described 
In-T] 


Figure 5a. The sides which gradually taper to a 


main 
previously for alloys is very evident in 
point extending into the disordered phase somewhat 
resemble a stress catenary and could hardly have 
any rigorous crystallographic significance. The taper 
envisioned for the advancing edge in the sketches 
in Figure 4 probably should not be so pronounced. 
The structure for a Co-Pt alloy in Figure 5c is 
rather similar to that for martensite in Fe alloys. 
The plates are lenticular with a variety of orienta- 
tions and frequent impingement; presumably they 
are the same as the main bands in Figure 5a but the 
twinned substructure is too fine to be resolved. The 
structure in Figure 5d which is also typical of the 
striations in aged Cu-Be [35] and ordered Cu-Au 
[36] alloys is very similar to the martensitic structure 
of cobalt. Again the geometry is rather hazy but the 
structure looks somewhat like the strain markings 
which can be developed on etching alpha brass [37]. 


The structures in Figures oa to 5c are developed on 


ordering at temperatures near the equilibrium 


Figure 5d at 


the 


transformation range and that in 


intermediate temperatures. After ordering at 

lower temperatures the spontaneous recrystallization 

process manifests itself while self deformation is 

little evident or absent [19]. 

In view of the foregoing evidence, there is sufficient 


doubt in the validity of the proposed double strain 


mechanisms and sufficient reason to warrant the 
exploring ot a new viewpoint based on spontaneous 
deformation for explaining martensitic structures 
in iron-base alloys. Slip in the matrix or product, and 


twinning in the product represent three modes of 


spontaneous deformation which have been illus 


trated in the preceding discussion. 


An Alternate Interpretation of Martensite 
Structures in Iron Alloys 


\ new interpretation must satisfactorily explain 
irrational orientation relationships, irrational habit 
planes, and the existence of surface relief effects, 
substructure including a midrib and a cooperative 
phenomenon whereby a plate in one orientation 
formation of plates in other 


that 


tends to stimulate the 


related orientations. It appears the feature 


needing immediate explanation is the departure of 
the habit plane from {111} austenite planes. 
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Since there is no evidence vet that twinning 


accompanies the martensite reaction in iron alloys, 
the more attractive type of spontaneous deformation 
to explore is that simulated by crystallographic slip 
In order to visualize the possible role of slip, con 
in be induced in a singl 


stem [38]. When a 


ind the 


sider the modification that « 


crystal by slip on a single 


single cry stal is subiec ted to compression 


compression surfaces aré 


then the slip planes 


rotate towards the compression surilaces | 


compression surfaces are not rigid, the outward { 


ot the crystal can rotate to Keep the slip plane 


parallel with their original orientation. Similar 


rotations either of the lattice or of the stress surtace 


occur when the stress is in tension and th 


slip is 


restrained or unrestrained, respectively. Rotation of 


unrestrained slip at 


the stress surface during once 
lor explaining 


under the 


appears as an attractive possibility 


the rotation of the observed habit awav from 


Lustenite planes; rotation of the lattice 


action of restrained slip ma‘ explain the variable 


orientation relationships \pplication f this idea to 


the formation of a martensite plate is illustrated in 


Figure 6. A 


t 


coherent plate of martensite forms 


SLIP PLANE 


COHERENT PRODUCT 


NRESTRAINED SLIP WITH STRESS 
SURFACE ROTATION AND PSEUD 
RESTRAINED 


ROTATION 


When it re 
stress energy becomes intole1 
minimize strain betore 
proceed. If the 
stress suriaces 

erowth causes lattic 
drawing of Figure 6. On the other hand, wl 
first starts subsequent growth could be 


displaced from the initial 


effect the stress surface, 
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drawing at the right of Figure 6. Such rotation 


during growth is permissible from the standpoint 


that the establishment ot an edgewise diffusion 


eradient is not required in martensite transforma- 
tions. It should be emphasized that rotation through 
the austenite of a well-grown martensite plate is not 
proposed for such a rotation is to be regarded as 


energetically unfavorable [15]. The extent of habit 


will depend upon the magnitude and 


rotation 
frequency of the unit slip. The shape of the particle 
will depend upon the variation in frequency of 
the slips along the length of the cross section during 


lateral growth. Curved interfaces and _ lenticular 


shapes can arise from a gradient in frequency of 
slips.* There will be an equilibrium frequency of 
slips subsequently established at the center of the 
particle during growth and this frequency will define 
the stable degree of rotation of the habit. Edgewise 
erowth will be accompanied by the continuous 
outward movement of the eradients at the edges 
with an accompanying change in orientation of the 
interface from the initial to the stable habit. Inter- 


rotation even during the early growth will be 


1ace 


suc h that fresh austenite is always being consumed 


‘‘untransforming”’ 
The rotated position of the interface 


and an\ of the austenite will be 


innecessary . 
will be referred to as the pseudo-habit in order to 
distinguish its irrational form from the low index 
planes given by the 


A in Case 


habit parallel to conjugate 
orientation re lationship, 11] otf iron-base 
illoys. 

Now that a pt yssible alternate method of interpret- 
ing the martensitic structure in iron alloys has been 
presented, some of the possible ramifications may be 
pointed out. In describing Figure 6 the plates were 
regarded as martensite and the slip was considered 

concentrated in this product. The slip 
could be 


ise the plate S in Figure 6 may be regarded 


concentrated in the austenite in 


surrounding plates ol 
vartensite That 


possibilities are attractive in distinguishing between 


the {259}A pseudo-habit and the {225}A pseudo- 


habit became apparent on reviewing observations 


volumes of austenite 


which are not shown. the two 


\{ Greninger and Troiano [10]. They found that the 


austenite grains in quenched 1.78 per cent C steel 
were free from any distortion in so far as one could 


judge from the sharpness of back-reflection Laue 


spots. The austenite Laue spots from quenched 1.4 
per cent C steel were about twice the size of those 


*This concept is expressed il Figure 12. 
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from 1.78 per cent C steel suggesting appreciable 


distortion in the austenite.T These observations 


suggested the desirability of attempting to correlate 
the {225}A pseudo-habit with slip in the austenite 


(1.4 per cent C) and the {259}A pseudo-habit with 


slip concentrated in the martensite (1.78 per cent 
The interpretation of the 


}225{A pseudo-habit 
should be considered first since it represents the case 
where the greater advance has been made by the 
Bowles and Jaswon-Wheeler analyses. For this 
purpose one may ignore the martensite phase for 
the moment to consider ways in which the austenite 
can be deformed to satisfy the observed effects. 
By way of illustration there are at least two sets of 
slip elements for plastic flow in the austenite which 
can provide the rotation of the stress surface from 


(111)A to (225)A as shown in Figure 7.f If the 


110A 
D2 


FIGURE 7. Stereographic projec tion of some slip elements 
which might operate to rotate the habit from (111)A to 
225) and elements of the Bowles double strain analysis of 
the {225} A habit. 
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tFor carbon contents below about 1.4 per cent (correspond- 
ing to increasing amounts of martensite present in a quenched 
specimen) the back-reflection Laue spots (if any) were so ill 
defined as to render the method unsuitable for orientation 
determination. 

{The case for simple slip indicated in Figure 7 is a special 
one where the slip plane (normally {111} planes in face- 
centered cubic metals) and true habit plane (also {111} 
planes by coincidence) are parallel. The more general case is 
probable one in which slip and habit planes are not parallel 
as indicated by duplex slip in Figure 7 and by the diagram in 
Figure 6, an assumption which must be confirmed by experi- 
ment. 
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principal transiormation stress is one of tension in a he same relief effects and habit rotation « 
direction between [112JA and [225]JA (slightly be achieved by two symmetrically deployed 
removed but not on these poles), then the operation systems of duplex slip noted in Figure 7 

of simple slip on a (111)A plane in the [112]A systems would operate if the principal s 
direction would produce a rotation of the pole of compressive stress along a_ direction 


the slip plane toward the stress axis so that the [I11JA and [22) \ second pair ol 


interface rotates from (111)A towards (225)A, employing the same planes indicated 


the pseudo-habit plane. The slip direction [112]A for duplex slip but with [IO0I1JA and [01] 


was chosen to be the same as the direction of atom tions would conform with the direction of atom 
motion for the first strain of the double strain movements along [112]A postulated by Bowles 
mechanism proposed by Bowles. The same movement although a simple relationship between the Bowles 
can be simulated by slip in conventional directions strain and duplex slip need not apph 
on the (111)A plane if [101JA and [O11JA are used advantage of considering duplex slip in th 
cooperatively. Since relief effects have been associa- is that it offers a pr ssible expl ination 101 
ted only with the first strain which has been des- operative phenomenon whereby the thre« 
cribed in elements of the austenite lattice, then type habits around the (111)A pole share th 
plastic flow of the austenite by simple slip on an _ slip systems in pairs. Further reference 
appropriate system can equally explain the observed phenomenon will be made later. It should 
surface tilting as in Figure 8. The Bowles-type strain emphasized that the slip elements mentioned 
is an unequalled type of distortion when applied to merely serve to illustrate the mode of habit 1 
describe changes in atomic positions as in Figure 2. by slip. Several other possibilities exist* 
However, when used to describe the change in operative ones will have to be determi 
outward form of a crystal as in the case of relief experiment. 
effects, it is no longer unique. The proposal ol Stereographi analyses provide solutions 
Greninger and Troiano for shear on the pseudo- — slip elements which will account tot 
habit plane as well as that of spontaneous deforma- rotation from the true habit ] lane 
tion serve equally well. The assumed relationship pseudo-habit plane; however, the 
between simple slip and a Bowles-type strain is that quantitatively the extent of 
the slip direction and direction of atom motion are stopping point of the pok 
depend upon the transtorm 
DIRECT- 
AXIS OF LAT- AXIS OF ON OF 


ICE ROTATION rit MOTION ADIRECTION strain relieval and the quant 


strains which must be 


the austenite te 


be Te irded 


] iswon \\ heeler 
im to torm mar;©rtel 
1 | 14 
same calculations snouild 


viewpoint ol 


GRENINGER & CONCURRENT ‘ 
TRIOANO PLASTIC FLOW wnel martensite Ss 
tions a three propel 
FIGURE 8 Various inter ations Of surface retiet effects | | 
that iccompan\ martensit Ll IS¢ Suggested 
s that for. the non 


synonymous and that the slip plane is the plane Jaswon ind Wheele1 


1 


that is defined by the slip direction and the normal the pseudo-habit pl 
to the slip direction in the invariant plane. Thi 
slip plane and invariant plane belong to the Same 


irom 


zone with the zone axis normal to the slip direction. proper | 
Since the zone axis is also the axis of habit rotation, 1.7 per cent steel was not interpreted 
the relation may be illustrated by considering nd Wheeler; the 
Figure 2 where rotation ol the top surlace ol the cell it re pres nts the | 
in Figure 2 is similar to rotation of the interface 


by unrestrained slip in Figure 6 (right 
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pany the slip in the austenite. Such rotation is — tion relationship is given in Figure 10. Duplex slip in 


the martensite on the normal {|112}M _ type planes 
in the normal (111)M type directions provides an 
explanation the (259)A Two 
martensite crystals, M-1 and M-2 are considered in 
the two 


observed in the Greninger-Troiano orientation 
relationship where the (101)M plane is rotated to 
1° from (111)A (Table 1).* 


Other pseudo-habits for iron-base allovs are best 


of pseudo-habit. 


the manner in which 
a common slip system. The 
duplex operation the slip systems (121) M-1 
(111]M-1 and (121)M-1 [111]M-1 will rotate the 
(111)A to (952)A for the crystal in 
the orientation M-1l whereas the 
systems (121)M-2 [111]M-2 and (121]M-2 [111]M-2 


(parallel to the second combination above) will rotate 
the interface from (111)A to (592)A for the crystal, 


analyzed by considering crystallographic elements order to illustrate 


of the 
are summarized 


in the martensite. Analyses Greninger- crystals can share 
froiano habit and orientation in ol 


Figure 9. The four elements for duplex slip in the 
interface from 


operation of 


M-2, with a second variant of the Kurdjumow-Sachs 


The pseudo-habit plane 


orientation relationship. 
expressed relative to the martensite lattice is approxi- 


H / OOIA 


101M 


mately (455)M. As mentioned in explaining the 


elements for 


FIGURI 
I abit 


various and orienta 


15° First 
seCO!I 


H 
112N] 


Martensite 
110A 


111|M 
111]M 


= (323 


le- 
to 


FiIGuRE 10. Stereographic projec tion of some slip e 
ments which might operate to rotate the habit from (111)A 
£959} \ habit by slip in the martensite (K-S relation 


: the 
irtensite which can be chosen to explain rotation 


11] 


elements 


Duplex Slip in Martensite 
For crystal M-1 on 952A 
121)M [111]M 
121)M_ [111]M 


common with one for M-2 or 


interface from A to the pseudo-habit, H, 


include 


previous proposals. The three consist of the plane 


f the 


three which have appeared in 


5924. Pseudo-habit 


-atter 


ind direction for the second shear of the ¢ sreninger- aa 
= (455)M 


and the directions of motion 
the Machlin- 


\ coincides with 


| r¢ iano pre sal (¢ 
strains ol 
156 |. 


to 


and second 


220 } 


elements rather than those illustrated in Figures Y 


first 
( ohen MI -( 
the L11)M. 


| A habit, it is likely that other possible slip 


for 
| he direction 


When 


referred the martensite 
and 10 will be more favorable, depending on the 


Structure the (393 


pseudo-habit is approximately 


which will become of notable significance in a later 


section of the 
A possible the (259 


when associated with the Kurdjumow-Sachs orienta- 


paper. 


solution of pseudo-habit 


*Young [9] also attributed the rotation of the 


tio! of 110)M from the Nishivam: 


orientations relatiot 
Table | to slip is tio ed previously. 


intermediate 


actual stress configuration, but the operative slip 
systems must be determined experimentally. 


Calculation of the strain in the martensite im- 


the austenite is also possible using a 


he 


posed by 
Jaswon-Wheeler type analysis in t 
The 


atomic displacements required to form austenite 


reverse sense. 


approach is developed considering the 


4 
/ 
| O10A / 
OOIM | 
156A 
112M / 3 
121M-2 
100M 
O1OA olla 
100A 
Tum-t 
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\dim-2 
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{rom martensite; the strain is considered equivalent 
to that imposed upon the martensite by the austen- 
ite. The strain tensor obtained by inverting some of 
the included matrices expresses the strain in the 
martensite when it is formed. Solution of the strain 
tensor for the three proper planes provides som: 
interesting results analogous to those mentioned 
previously for spontaneous deformation in the 
austenite. The detailed analysis will not be presented, 
but it was found that for the martensite to austenite 
transformation the strain tensors, a» and o; 

can be obtained simply by interchanging the rows 
and columns of the tensors given by Jaswon and 
Wheeler [15] for the austenite to martensite trans- 
formation. The proper planes can be identified by 
the procedure which they outlined. The proper 
(111)M all 
second within 1° of (252)M for all carbon contents, 
and third (111)M for 0 per cent C to 6° 
(111)M for 1.7 per cent C. These planes are all 
normal to the (101)M Z (111)A conjugate planes. 
The (111)M plane is parallel with the (110)A plane 
as specified in the orientation relationship whereas 


(252)M is parallel with the (743)A plane. Inter- 


planes are first for carbon contents, 


from 


pretations of these planes can be suggested as has 
been done previously for strains in the austenite. 
The (111)M plane is unrotated because it is one of 
the elements of the Kurdjumow-Sachs orientation 
relationship. The (743)A plane is that to which the 
interface tends to rotate with the (259)A an inter- 
mediate position in the rotation. In reference to 
Figure l, the (743)A pole is located in the second 
stereographic triangle below that shown, 90° from 
(111)A and the the 
(111)A to the (O11)A pole. If the interface rotated 
towards the (743)A pole, it would pass near (5, 34, 
46) (O11 


occurred in 


towards ereat circle from 


and If at the same time plastic flow 


austenite tending to rotate the 


interface may compromise on the 


the 
towards (225)A, 


259)A 
to 


interface from then the 


position 
has occurred relax the 
The (259 


might be explained in this manner. It is not certain 


when sufficient flow 


transformation stresses. pseudo-habit 
whether either this possibility or that suggested in 
10 


unique one. 


Figure for exclusive flow in the martensite is 
the Actually 


possibilities. First, the correct variant of the habit 


there are still other 


plane for the standard variant of the Kurdjumow- 


Sachs orientation relationship is not known;* it 


*Bowles has pointed out that this limitation 
his analysis; he assumed that the standard variant is (111)A 
1O1)M, 111)M so that of the 24 possible orienta 
tions only the martensite crystal with the above was associated 


sper ifically with the (225 plat e of the habit family 


Is pres¢ 


RANSFORMATIONS 


may be different from that assumed in which case 
other slip elements would be operative Second, the 
second elements of the orientation relationship, Le. 
(111)M LIO)A 
planes in which case 


(110 


appropriate slip systems in the martensite. 


may be operative as conjugate 


the initial interface could 


rotate from A towards (743)A by operation of 

An interpretation of the third propel pl ine of the 
strain tensor for plastic distortion in the martensite 
likewise may be advanced. The proper plane which 


ior UO 111)M 


be the factor that rationalizes 


varies to 6° from with increasing 
carbon content may 


those 
111]M 


dire tion 


the Nishiyama orientation relationship and 
in which the 

L1O)A 
the transformation 


l 11]M rotates up to 


6° in order to relieve the strains in the martensite. 


intermediate ones in Table | 
direction is misaligned with the 
Lattice rotation resulting from 


stresses is thus suggested. The 


Operation of one of the slip systems indicated in 
16’ 


(101)M necessary to change the orientation relation- 


Figure 10 will produce the 5 rotation about 


ship from that of Kurdjumow and Sachs to that of 


Nishivama as illustrated in Figure 11. Such an 


101 


AXIS OF 
ROTATIO 


stem would 


operation of the single slip S| 


different manner from 


interface in a 
plished by duplex slip and a modified 
plane would arise 

\ possible role of duplex slip in the martensite 


causing rotation of the austenite-martensite intert 


is suggested in Figure 12. It is assumed that 


system operates in one halt the martensite 


ind the second operates other halt 


plane of impingement 


the midrib. Probably the s 
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276 ALLI 
but a low angle imperfection rather than a composi- 
tion gradient is a logical explanation of the midrib. 
The particle is first parallel to the conjugate planes 
intolerable. 


and until the stresses become 


Plastic 
rent with further growth at the same time causing a 


2TOWS 


flow then commences and continues concur- 


rotation of the interface to the stable orientation 


which is detected as the pseudo-habit plane. The 


area bounded by the outline and the top interface 


) 


of the particle in Figure 12 represents the strain 


energy—a product of stress, the vertical height, and 


strain which is proportional to a lateral dimension. 


The strain energy would become intolerable if the 


coherent particle continued to grow edgewise and the 


area continuously increased. Plastic flow causes a 


reduction in the stress to keep the outlined area 
strain tolerable value. 


representing energy at a 


An analogy of the curved interface for a lenticular 
particle with a stress catenary is probably reasonable. 


Actually 


submicroscopic steps much the same as the larger 


the interface is probably made up ol 


ones when twinning occurs as in Figure 5a. The 


stable nucleus for the transformation might be the 
Figure 12, 


partic le at anv of the stages shown in 


STRAIN 
ENERGY 


COHERENT 
EMBRYO 


RELATION OF 
TILTED SHAPES 
EARLY GROWTH 


COHERENT TIP 4 


presumably the embryo would be coherent on 


| | 1A pl ine sinc e 


this value from the work of Van der 


the misfit does not exceed 
J per cent 1 


Merwe 


If the spontaneous deformation may be interpre- 


be ( onsidered applic able. 


( ooperative 
17] 


Sharing of slip 


ted in terms of duplex slip, then the 


phenomenon discussed by Machlin and Cohen 


may be interpreted as in Figure 13. 
elements to relieve stresses in martensite plates with 
different variants within the family of habit planes 


Was mentioned earlier when stereographic analyses 
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were presented for flow in the austenite and flow in 
the martensite (Figures 7 and 10). Traces of slip 
planes are sketched in Figure 13 to show how three 
orientations of the (225) habit at the left might 
share three slip systems in pairs to form clusters of 
martensite plates in 3 of the possible 12 orientations; 
the (259) habit 


at the right two orientations of 


rative torma- 


FIGURE 13 \n 


plates of related orientation by sharing ol a 


terpretation ol the coope 


tion Of martensite 


slip system of a pair for duplex slip: 
225 


common, parallel 
martensite 


slip in austenite, habit; b) by slip 1! 


habit. 


could share one of three slip systems to give the 


characteristi zig-zag traces with acute angles 


10}. 


Discussion and Application to Other 
Martensitic Structures 


On the basis of the new viewpoint the irrational 


features of martensitic structures are to be regarded 


as the result ol spontaneous plastic flow accompany - 


ing the transformation. The dominant role of the 


shear is to minimize the strain energy and not 


necessarily to generate the new crystal structure. 


On this basis it 1s not necessary to draw a marked 


distinction between martensitic structures and those 


referred to as bainitic in iron-base alloy s. There is 


no requirement that the crystallographic mechanism 
the resulting 


different. A 


of forming the ferritic phase or 


microstructure in general will be 
primitive mechanism should obtain for iron and the 
same should apply to its alloys as was once pointed 


\ny the 


structure will 


out [11]. subsequent modification of 


occur by virtue of the particular 


which the transformation stresses are 


Slow 


recrvstallization and recovery 


mode by 


relieved. processes of stress relief such 


will occur when time 


and temperature are sufficient for bulk diffusion 


while the faster process ol spontaneous detormation 


will occur when time is short. The habit plane and 


orientation data for iron-base allovs which are 


summarized in Figure 1 can be rationalized when the 


J 
Ny” Loy 
aE 
tH 
1) by 
- 
rormati I coherent cleation and d ple slip Operative 
Sif pla es re ind ted by shadi Q Particle with stable 
rib orientat sl 1 pper right is ready for extensive 
dge STOWLI tf m I riace € erg il idvancing 
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modes of minimizing strain energy are provided a 
role in interpreting the structures. The five pertinent 


modes include recovery and the four effects of 


spontaneous deformation, (1) interface rotation 


from (111)A in the direction towards (001)A by slip 
rotation from the 


in the austenite, (2) lattice 


Kurdjumow-Sachs relation towards the Greninger- 


Troiano relation by slip in the austenite, (3 


inter- 
face rotation from (111)A in the general direction of 
(O11)A by slip in the martensite, and (4) lattice 
rotation from the Kurdjumow-Sachs relation towards 
the Nishiyama by slip in the martensite. A sixth 
mode, twinning in the ferritic phase with interface 
(O11)A as in In-T] 


alloys, may play a role in some ferrous alloys that 


Neumann 


bands may form. Combinations of these modes can 


rotation from towards 


transform at low temperatures where 


explain the data for martensite in Figure 1. A 
specific habit plane need not be assot iated with a 


specific orientation relationship as proposed by 


Machlin and Cohen when more than one mode of 
stress relief is operative. Likewise, it is unnecessary 


to assume that solute atoms affect the orientation 


of the nucleus to explain the various habits and 
orientation relations as Bowles has suggested. 
In regard to the bainitic structures the time and 


temperature are sufficient to permit diffusing of 


carbon to cause carbide precipitation and to achieve 


part of the stress relief by recovery; the higher the 


temperature, the greater the contribution from 


recovery and lattice rotation and _ the less the 


contribution required from interface rotation so that 


the pseudo-habit is nearer to (111) as shown in 


Figure 1. The feature common to martensite and 


bainite presumably is that spontaneous deformation 


is a dominant factor in modifying the primitive 
product since the habit of bainite is irrational or the 


lattice is rotated as in martensite. A striated sub 


structure parallel to (111)A which has been repo! ted 


for lower bainite [89] can be interpreted as evidence 
for plastic flow during the formation of this structure 
also in common with martensite.* The observation of 


Greninger and Troiano [7] that the orientation 


relationship tor their Fe-Ni-C alloy changed during 
tempering to the Nishivama relation suggests that 


stresses are further relieved in martensite by lattice 


rotation during tempering as in bainite during 


*Note added n Proof Received 
Likewise, surface relief effects can ne 
characteristic of only diffusionless tra I 
strain representing part ol the atom moveme 
for bainite formed nucleation and slow 
produces distortions |Ko, T. and CoTrret, S 
Steel Inst., 172 (1952) 307-313 
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Merwe [26] has 


that in all 


der 


\ in 


to overgrowths 


the initial formation. 


pointed out in regard 


cases whatever the mechanism of the slip process, 


some residual stresses are likely to remain. Presum- 


ably the reheating of martensite for tempering 


provides sufficient atomic mobility to promote the 


lattice rotation. The lattice rotation during temper 


ing might also accompany the formation of a pol 


gonal subgrain structure from the spontaneous 


flow structure, for a polygonal subgrain structure in 


tempered martensite has been observed. The 


substructure in higher bainite has been known for 
long time; ill-defined striationsT similar to those fo 
pure iron, for low carbon alloys and for the allo 
l4a and igure 146 are 


striations ire to be reg 


shown by Figure readily 


apparent. These irded 


is evidence of spontaneous deformation also 


Microstructurally the product differs from marten 


site merely in that it is not confined by a lenticulai 


interface but extends 1 volume rathet 


irregular outline probabl laracteristic of a slowe1 
When 
ire required, there is some tendency for the forn 


Figure 144. A 


striated produc t of 


rate of tormation faster rates of tormatio1 


tion of an acicular product as in 


ne 


mixed wit 


similar structure 
irregular outline icicular product 


observed for titanium, Figure 14d. Bowles 


\lackenzie have 
in Fe-Ni-( S 
| nt ol 


when regarded irom the VieWpoll 


reterred to a similar stt 


deformation the struct s completelh 


kin lly the 


left side of Figure 14: 


irregular sti 
instormations 
striated structure 
coalescence ol disk 
of the slipped reg 
precedi 


t} 


In the 


made lol 


ferrite involved 


relationship ind 


Factors 


summarized. 


1 
oO! slowh cooled 


eutectoid Fe-C whet 


relief without 


ross 


pontaneous rar lormatiol 


on relationships 
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to 
—0.55 to 


B.C.C 
11 to 13.1%Al Dist. H.C.P.g 
12.9 to 14.7[%Al — H.C.P.>- 
25%S1 3.C.C.— 
34°7,Cd > Ortho 
P. 
> H.C.P 
> F.C. Tet. 


nalyses 


*From Ste reographic a 
tTBv conversion using Bowles 


tThe results which have 
the pseudo-habit for Zr pr 


also conforms to the <Ah 


ibably 


relieve additional stress during tempering thus 


suggesting that the orientation may have started 
from that specified by Kurdjumow-Sachs. Finally, 
the mismatch for martensite on austenite is some- 


Kurdjumow-Sachs relation 


less when the 


what 
obtains.* 
Although the 


mainly 


preceding discussion has been 


devoted to iron-base alloys, the principles 


should equally apply to other martensitic structures. 


Space does not permit a detailed analysis of each 


system, but a simple generalization suggests that 


spontaneous deformation plays a prominent role 


in controlling the pseudo-habit Observed 


Table II. 


vhich have been identified with deformation in the 


plane. 


values are listed in Those habit planes 


1artensite have been converted to the corresponding 


planes in the martensite as mentioned in earlier 


discussion (Figures 9 and 10). The obvious general- 


is that the pseudo-habit for cubic crystals 


IZation 


be a plane of the type (hhi) where two 


I is the primitive 
rical mov nts of the 


ratures 


vVmmet 


ransiormat tem pe 
lattice 


presumed 1 y for 
icleus is unavailable. In so f 


al 


I] 


MARTENSITIC STRUCTURES 


Reference 


Pseudo-Habit 


111 A 

225 A 

554 M* 
= 332 MT 
= as above 

332 
= 774 MT 
= 332 MT 

as above 

331 

221 

331 

661 

331 

14] 


transform for Kurdjumow-Sachs relation. 
reported for Zr are ambiguous [47 
> generalization 


Either 4569} or {451} obtains with sufficient spread so that 


indices are the same. The significance of this type 
plane is that it is contained in the zone that has the 
axis [110] which also contains simple planes such 
as (110), 


These low 


111), and (112) as in Figure 15. 
index planes may be prevalent true 
habit planes from which the interface can rotate 
to {hhl} using [110] as the axis of rotation. Such 
an axis of rotation will be used during the spontan- 
eous deformation when simple slip occurs on (111 
or (112 


(111) directions or when duplex slip occurs on a pair 


planes with appropriate (110), (112), or 


of systems that are symmetrically deployed relative 
Many 


evident in Figure 15, especially if non-conventional 


to the [110] zone axis. such systems are 


elements such as {110} planes and [112] directions 


in face-centered cubic metals may be considered. 


The state of stress may well be such as to cause 
the operation of these less conventional elements, 
110 
solid 
the 


externally applied stress. The stress configuration is 


such as a slip plane observed by Guinier for 
the 


rather 


copper solution containing beryllium, 


than usual ones which operate under 


probably complex; it would more likely lead to 
duplex slip than simple slip, but because of the 
resolvable 


crystal svmmetry it might always be 


into a principal uniaxial component in a 
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Material Lattice Change 
I B.C... of BAC. Tet. 10, 11 
F.C.C.— B.C. Tet 10 
I F.C.C.— B.C. Tet 
259 A 10 
Fe-1.295C — 11.5°%N F.C.C.— B.C. Tet 259 10 
Fe-0.8% — 22° Ni F.C.( > B.C. Tet 7 
9, 22, 33 A 17 
3, 10,15 A LS 
Fe- 10 
Cu 31 
Ci 31 
( 12 
« 12 
Au 13 
14 
| 88, 1] 15 
334 and 443 16 
Zr ot 17 
( 111 
In- 110 31 
iii 
s demonstrating the principles of spontaneous deformatmmn, 
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in 


RP 


Figure 15— using the plane normal for the rotation 


plane* which becomes the rotation plane 


axis simulated by the symmetrically deployed slip 
systems. The observed pseudo-habit planes plotted 
110 


and (111) poles which is probably significant since 


in Figure 15 tend to cluster on either side of 


these are the two types of planes which are used to 
the 
alloys listed in Table II; they represent one of the 


specify orientation relationships among the 


conjugate planes which thus may be regarded as 
the true habit plane. The rotation from the (110) or 


° 
ro) 
774 661 774_ 443 
221 221 $84 334 


[tio] 
AXIS OF 
ROTATION 


FIGURE 15. Stereographic projec tion of poles of observed 
habit planes for a variety of cubic (matrix) alloys and low 
index true habit planes that are located in the plane of rotation, 
RP, with a symmetrical distribution of poles which may act 
as slip elements, 


than that from the (100 


plane to any of the pseudo-habit planes is less 
plane which is one of less 
the true 
Che 
{hhl} generalization for habit planes could hardly 
the 


serve as 


atomic packing and does not 
habit for any of the alloys considered here. 
be a coincidence for many alloy systems in 
Table II; it probably 
martensite plane on the interface rather than the 


ot ti 


was not recognized earlier 


because the indices fit only when the 


austenite plane is considered. Regardless 
of 
flow elements with simple indices such 


the 
11] 


(110), and (112) are needed to explain martensiti 


complexity the pseudo-habit plane only 


AS 
structures in cubic metals. 


*Evidently in some cases there is a residual component 
plane normal to RP to cause the mart lattice 
from the Kurdjumow-Sachs to the Nishiyama orientatio 


relationship (Figure 11] 


nsite rotatio 
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Conclusion 
\ general classification of the structural f 


both 


LSper ts O 
diffusionless ti 
Che cl; 


factors such as 


diffusion-controlled and ins- 


formations appears to be possible , issification 


is based upon energetic interfacial 


surface energy, strain energy, and diffusion rather 


than upon any proposed differences in mechanism ot 


kinetics of forming the primitive product. All the 


ill 


anothet 


factors partic ipate to varying degree In trans 


formations but the dominance of one o1 


exerts a controlling influence. In diffusion-controlled 


Widmanstatten structures surface energy factors 


such discrete orientation relationship, i low 


as a 


index habit plane and a tendency for a pseudo 


morphic or coherent crystal structure dominate 


rec ognized : lactors th iT 
be 


ill structures 


These factors have been long 


modify strain energy should now recognized 


rather than attempting to rationalize 


In 


as spontaneous 


on the basis of interfacial energy. martensiti 


structures strain energy factors such 
deformation by slip and twinning dominate to 
modify the factors established by interfacial energ 

The strain energy factors lead to modified or pseudo- 
relationships much 


lead to 


habits and pseudo-orientation 


the same as surtace energy may a pseudo- 


spontaneous defor 


qualitatively 


morphic crystal structure 


mation has attractive possibilities of 


explaining a variety of microstructural and crystal 


lographic features associated with martensitic struc 


tures. Microstructurally the transformed zone may 


be either lenticular or irregular in outline both with 


substructure or it may be polygonal free of sub 


structure; it may form either slowly or rapidly, 


isothermally or athermally according to kinetics, 


the 


shear in contrast with nucleation and growth is 


but conventional distinction of generation by 


not 


to explain the observations regarding 


On 


necessary 


structure. the viewpoint 


deformation induces 
orientation, the 
would spherulite 


19]; 


ior an 


structure 


graphite |48; the habit plane 


Initial Onentation 


existed 


completely warped into sphere while 


tion relationship has 


to 


rot 
the segments within the 


planes tend to be norm Pendenc 


martensitic Structure 


formations and ove 


slip and twinnin 


microstructures 


stal structures 
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Is not necessary tO assume any 


shear to relieve transfor- 


followed bv 
\\ he 


the movement is visualized as being well 


ucture 


the transformation is diffu- 


stresses. 


inized with one atom pulling the others and 


the principle of minimum displacement, 


but the path may be either more direct or more 


complex than those which have been resolved by 


two components. 


No claim is made that the slip elements listed in 


Figures 7, 9, 10, 11 are the unique ones that operate 


in 


the martensite reaction in iron-base alloys. 


Instead they were used mainly to demonstrate the 


principles of spontaneous deformation. A thorough 


study of substructure and correlation of martensite 


orientation with the specific variant of the habit 


plane are needed for both {225} 


and |259} pseudo- 


habits before the details of any of the proposed 


mechanisms 


regarded 


be 


deformation 


‘double strain’’) « 


While 


including ‘an 


with confidence. the 


can be described stereographically in terms of slip 


and twinning, the more fundamental description 


probably 
dislocations. An expansion of 


resides in a treatment by the flow of 


the application ol 


dislocation theory to stress relief in over-growth [50] 


ind the dislocation treatment of martensite [18] 


ipplied trom the viewpoint of relieving stress in 


either the 


austenite or the martensite rather than 


generating the new structure appear to be attractive. 


The 


interface during growth might be achieved by 


1. mobile array of dislocations which responds to 


spontaneous or applied. Dislocation theory 


should offer possibilities lor both interpretation and 


qu 


W he ther 


lantitative treatment of factors such as reversibil- 


applied stress, and nature of demobilization 


as twins, slips, or polygons) as they are 
ited to spontaneous flow during particle growth 


er nucleation. 
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THE KINETICS OF FORMATION AND STRUCTURE OF ANODIC OXIDE FILMS 
ON TANTALUM* 


D. A. VERMILYEAT 


lhe rate of formation of anodic oxide films on tantalum was studied using aqueous electrolytes 
The thicknesses of the oxide films were measured by comparing the interference colors with a 
calibrated step gage. The equation which describes the kinetics of formation of the films is 


dx O 
( 7) 


where B ¥ f(T). This equation is not in agreement with the predictions of a recent theory by Mott 
and Cabrera which should apply to this process. The rate of formation of a film is not affected by 
its past history, the state of cold work of the metal, or by changes in the nature and concentratio1 
of the aqueous electrolyte. The efficiency of the process is 98 per cent at all temperatures al d rates of 


formation. The films consist of amorphous Ta2O;, and recrystallize between 500 and 800°C. 


LA CINETIQUE DE FORMATION ET LA STRUCTURE DE FILMS ANODIQUES SUR LE 
rANTALE 


La vitesse de formation de films anodiques d’oxyde sur le tantale a été étudiée dans des électrolytes 
aqueux. Les épaisseurs des films d’oxyde ont été mesurées en comparant les couleurs d’interférenc 


équation qui décrit la cinétique de formation des films est: 


dx — 
= A exp (BF it) 


BH f(T t ‘quation n'est pas en accord avec les prédictions d’une récente théorie de Mott 


ivec un calibre a gradins. 


et Cabrera, qui s’appliquer a ce procédé. La vitesse de formation d’un film n’est pas influencés 
par son histoir a oré d’é& rouissage d ] métal, ou par des changements dans le genre et la concen- 
tration de |’électroly aqueux Le rendement du procédé est de 98 pour cent a toutes les tempéra- 
tures et toutes les vitesses de formati Les films consistent en du Ta2O; amorphe et cristallisen 


tre 500 et 800°C. 


t 


DIE KINETIK DER BILDUNG UND DIE STRUKTUR ANODISCHER OXYDFILME AUF 
PANTAL 


ligkeit der Bildung von anodischen Oxydfilm« iuf Tantal in wissrigen Elektrolvten 
Die I ilmdi ke wurden d irc h Ve h de | iterferenzfarbe mit el reel hter 
Die Gleichu go, die Kinetik der Filmbild ing beschreibt ist 


= = A exp (BF - 
it k 


im Widerspru h zu den Voraussagen der neuen Theorie 
zess gelten sollte ie Geschwindigkeit der Bildung ei 
nocn If I caltl itungszustand des Metalles 
i igen ktrolvten beeinflu 
gsgeschwindigkeiten 98 
500 und 800°C 


eines 


Cabrera Zi. The basic postulate of this theory is 
Introduction that the rate determining step is the transfer of an 
It has been known for many years that the ion across an interface. A strong electric field, 


srowth of oxide films on metals follows entirely produced bv a laver of adsorbed oxygen ions at the 
‘ate laws at different temperatures. The oxide-atmosphere interface, lowers the energy bar- 
irabolic law, characteristic of thick films formed at rier for ionic diffusion. Under the influence of this 
temperatures, is adequately explained by the field, which is of the order of 10% volts per centi- 
theory [1] which assumes that the rate- meter, the motion of ions is shown to be overwhelm- 
controlling step of the process is the diffusion of ingly in the direction of the field, the number of 
ns through the film to the reaction interface. jumps in the reverse direction being negligible. 
- logarithmic rate law observed for the formation The rate of growth of the oxide is determined by the 
f thin films at low temperatures, on the other hand, rate at which ions jump from the metal or from the 
is not yet well understood. adsorbed oxygen layer into the oxide under the 
The most pr yMising theory to explaii the logar- influence of the electric field. 
ithmic law was proposed recently by Mott and The rate equation derived by Mott and Cabrera 
——— - - — for this process is: 


*Received December 19, 1952. \ 
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Die Geschwin« 
Interferenzstufe1 
) 
/ 
bei B ¥ f(T) ist. Diese Gleichung steht 
Mott 1 Cabrera. die fiir diesen Pt 
Films wird weder durch dessen Vorgeschicl 
der dur \nderungen in der Art oder Ke 
. 1] | 
\uspeute les Vorgangs ist 
Der Film besteht aus amorphem Ta.O; un 
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where v is the vibration frequency, V the number of 
atoms in position to jump into the film, V the 
volume of oxide per metal ion, Q the activation 
energy, g the charge of the ion, \ the distance from 
the equilibrium position of an ion in the metal to 
the top of the energy barrier, and F the electric 
field. An approximate integration of equation (1 

for g\F kT > 1, gives the following 
logarithmic relation between thickness and time: 

I 


(2) =a-—blnt 
x 


valid only 


where a and } are constants for a given temperature. 
One consequence of the logarithmic law is that 
the 


decreases rapidly so that the oxide approaches a 


rate of growth is initially very great, but 


limiting thickness. A limiting thickness may be 
calculated from equation (1), assuming an arbitrary 


verv small rate, and has the form: 
(3) Xz 


where X, is the limiting thickness, C is a constant, 
and 7, is a critical temperature. At a rate growth of 
one atom layer per day the critical temperature is 
39k. For 
Mott 


between the temperature dependence ol experimen- 


air oxidation of aluminum and copper, 


and Cabrera have found fair agreement 


tally determined values of limiting thickness and 


the theory when reasonable values for the various 


parameters were assumed. For aluminum, the pre- 
dicted crith al temperature above which the log irith- 
mic law no longer holds is in good agreement with 


the theory. The theory was also applied to data 


] 


Guntherschulze [3] for inodi 


] 


reasonable 


obtained by the 


oxidation of aluminum, and again 
values were obtained for the various parameters in 
the equation. Unfortunately data for anodic oxida- 
tion were not available over a range of temperatures, 
and the theory was applied to results obtained 
only one temperature. 

It was believed that a more critical evaluation 
of the theory could be made by studving the actual 
rates of growth of the films rather than the limiting 
film thickness. Anodic oxidation has the idvantage, 
for such an evaluation, that the applied voltage 
can be measured accurately and varied over a wide 
range, while in air oxidation it is a fixed value equal 
to the difference in potential between the metal and 
the adsorbed ions. It is thus possible to study the 
rate of growth of anodic films over a wide thickness 
the field in will. 


range and to vary the oxide at 


It should therefore be possible to measure all of the 
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parameters accurately and to test the functional 


relationship given by equation (1). After an examina- 


tion of the literature on anodic oxidation it was 


decided to study the formation of anodic films on 


tantalum because they were reported to be very 


stable and also because the exhibit brilliant 


interference colors which may be used as a 


Since 


measure 


of thickness. ther have been conflicting 


reports on the structure of these films the present 


investigation also includes a crvstal structure study. 


Many studies of the growth of anodic oxide films 


on tantalum were made by Guntherschulze and 


co-workers, and a summary olf the work may be 


found in a book by Guntherschulze and Betz [3]. 


The types of curves found for anodic oxidation at 


constant current are shown in Figure 1. The ideal 


represented 


behavior is 
shows linear rise of volt 


called the ‘spark volt 12 


still rises 


measurements showed 
proportional TO the 


1 1 1 
DeLOW the 


held 


spark voltage, which means that tl f 


onstant 


Also, 


proportion il to the volt ive 11 


in the oxide 


constant current. 


Kness 


must ilso be Dropor- 


tional to the time, which means that the 


is constant. The value f the efficiency 


from capacity measurements was about 40 per cent 


\ 
+} 4 T 
ne ) ( 
l4 4 } 4 
The tual irves snow! (suntherscn 
the tormation ot films bel the spat { ‘ 
(,sunthersch reporte ti the S tne 
volitage-time curve n this voitage 1 nee qaenen- 
aqaent ot the na Ire ind ( I 10OMn ¢ e ele 
lyte for all dilute aqueous electrolytes. Cay { 
ipplied voltage 
is under the condition of 
+} 
-alculated 
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Guntherschulze also investigated the relationship 
between current density and electric field at constant 


temperature. He obtained an equation of the type: 
A exp (BF 
F the field, and A 


lerable 


is the current densitv, 


are constants. The data show 


and could be 


represented equally well by 
expressions involving exp( — B, F). Since the repor- 
only 40 


difficult to relate equation (] 


ted efficiency was per cent it would be 


to the growth of the 

oxide film. 
Van Geel 

current was proportional to the reciprocal of the 


and Emmens (4) reported that the 


time during the formation of anodic oxide films on 


tantalum. If the efficiency is constant, as Gunther- 


schulze’s results imply, 


and if 


the expression for thickness as a function of 
bint 
This law is 


indistinguishable experimentally 


where and are constants. rate 


almost 
equation derived by Mott and Cabrera. 


probably 
from the 

lhe 
several metals was determined by Burgers, Classen, 
and Zernicke [5], who reported that the tantalum 
consisted of TaOs. 
formation of 


crystal structure of thin anodic films on 


film normal orthorhombic 
Chey did not 
the film and no X-ray 


6] has used reflection electron diffraction to stud, 
and 


state the conditions of 
data were given. Spauschus 


structure of anodic films on tantalum 


the 
reported that only the diffuse rings characteristic 
of amorphous substances appeared in the patterns. 
Spauschus also reported values of interplanar 
spacing for crystals of Ta,O; that do not agree with 


those published in the A.S.T.M. card index. 
Experimental 


Specimen Preparation 


The tantalum was obtained from Fansteel 


Metallurgical Company, and their chemical analysis 
shows Ta 99.9+ %, C .038% 03% 
Rolled sheet was used for all the experimental work, 


max, Fe max. 
and was annealed prior to all experiments except 
those designed to determine the effect of cold work 
on the rate. Specimens were chemically polished by 
few seconds in a mixture consisting 

H»SO,, 2 parts 70% HNOs, and 2 


dipping for a 
of 5 parts 95% 


VOL. 1, 1953 
parts 48°, HF. This treatment removed all scratches 
and any grease or other foreign materials, and left 
a surface comparable to that obtainable by electro- 
polishing. 

The type of specimen used for the rate studies 
is shown in Figure 2. Before a specimen was used 
the tab was anodized to 400 volts and the end scraped 


bare so that electrical contact could be made. This 


Touk 
L 


SCRAPED BARE 


\ ZED TO 


400 VOLTS 


FIGURE 2. Specimen used for rate studies. 


procedure Was necessary so that an accurate 
measurement of the area could be made. If the tab 
was not previously anodized the oxide would creep 
up along the tab during a run so that the total 


surface exposed was continually changing. 


Apparatus and Procedures for Rate Studies 


Dilute aqueous electrolytes were used for all of 
the rate studies. Two different methods were employ- 
ed to determine the relationship between rate of 
field. The 
was to anodize at constant current and measure the 


growth, temperature, and first method 


voltage and thickness periodically. The regulation 


of the constant current supply used was only 


t 5 per cent at low currents, but by manually 


adjusting the current a few times during the course 
possible to maintain the 
The 


was to keep the voltage constant and measure the 


of a run it was easily 


current within one per cent. second method 
thickness and current at various times. The constant 
voltage power supply would maintain the voltage 
within one per cent from 0 to 500 volts and from 
0 to 300 milliamperes for long periods of time. 

A block wiring diagram of the apparatus is shown 
in Figure 3. Switch S; selects the power supply to 
be used. When the constant current supply is used 
switches Se and S; are closed, shorting the output 
of the supply through contacts 1R1 of relay 1. 
on the ammeter and 


The current is read 


adjusted to the desired value. When switch Sy, is 


output 


closed, the electronic timer energizes relay 1 for an 
amount of time which may be varied from 0.1 to 
7 seconds. When relay 1 is energized the contacts 
LR1 open permitting the current to flow through the 
cell, while contacts 1R3 close starting the timing 
clock. The time can be read to .001 seconds. Relay 1 


may also be energized manually for longer times 


284 ACTA METALLI 
1d 
5 ad \ b 7 at 
6 


VERMILYEA: 


with a separate switch (not shown). When the con- 
stant voltage supply is to be used, switches S». and 
S; are opened and the voltage is adjusted to the 
desired value. When relay 1 is energized contacts 
1R2 close applying the voltage to the cell. 

The temperature of the electrolyte was kept 
+ 0.05°C by means of a water 


constant within 


bath. 


FIGURI Wiring diagram. 


Thickness Measurement 


The method used to measure thickness makes use 
of the striking interference colors exhibited by the 
anodic film. Unknown thicknesses were measured 
by visual comparison with a color step gage which 
was calibrated by measurements of weight changes. 

For the master calibration gage, specimens 6 cm. 
by 4 cm. were anodized at 2 ma/cm? to voltages 
up to 390 volts using 0.1 per cent Na2SO, at 48°C, 
and the weight of each specimen was measured 
before anodization and after the desired voltage was 
reached. The specimen was then held at constant 
voltage until the current density of 0.1 ma/cm 
was reached, and the weight was 
Measurements of reflected intensity versus wave- 


again measured. 


length of incident light were made using a recording 
Smaller like the 


Figure 2 


spectrophotometer.* specimens 


one shown in were anodized at closer 


voltage intervals under the same conditons and used 
for the working step gage. 

The thickness of each specimen of the master gage 
was calculated from the weight changes, optical 
ind Faraday’s law. It will be shown 


composition of the film is Ta.Os, 


measurements, 
that the 
and thickness 
assumption that the density of the film was the same 
as the bulk density of Ta,O; (8.74 gm/cc). At a 
current density of 2 ma/cm? the least square slope 


later 


calculations were made with the 


*The author is indebted to Mr. C. | Dorland of the 
Campbell Avenue Plant, General Electric Company, for the 
spectrophotometer traces. 
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plot was 14.95°A/volt 
volt 


is therefore 98 per cent, 


of the thickness-voltage 


from weight measurements and from 
Faraday ’s law. The efficiency 
in comparison with 40 per cent measured by Gun- 
therschulze. If the efficiency were actually 40 pet 
cent gas evolution should be observed at the anode. 
but no such gas evolution is observed. Since Gun- 
therschulze calculated the thickness from capacity 
measurements, the lack of agreement mav be the 


result of an incorrect value for the dielectri 


constant. 
At a 


square 


density of 0.1 the least 


the 


current ma/cm 


equation for thickness-volt Lo" plot 


was 
(S 


X is in A. 


in the slope and 11 in the intercept. Equation (8 


where The probable errors are .0O6A/volt 
was used to calculate the thickness of each specimen 
of the final working gage. 

The optical measurements provided an indepen- 
dent check of the thickness-voltage relationship. 
a film may be calculated from the 
reflected 


The thickness of 


wavelength at which the intensitv is a 


minimum if the refractive index of the film i 


known. Analysis of the spectrophotometer traces 


obtained from films which were thick enough to 


give minima corresponding to several orders of 


interference indicated that the refractive index 
should depend on the wavelength according to the 


empiric al equ ition: 
(9) 


red to ¢ reement 
uremen l 2 nd 


7000 and 4000A are 


The v ilue Ol Mo requ 
weight and optical 


values of refractive 1 
2.45 and 2.53 respectively 


\ccording to Waber 
Vsti ils of [a U; 


10 


LOOOA 


h the \ 


Chis equation cives \ 7000 and 
2.21 and 2.58 


of refractive index with wave 


respectivel \lthoug 
] 


length obtained in the 


present investigation is much less than that found 


by Waber, the vaiue - in the 


ptical measurements therefore give 


Sallie range. Che 


further confir- 


() 


mation that the film is actually Tag 


agreement between the thickness calcul 


isurements 1S satis- 


weight changes and optical me 


ical method 


factory. Che high precision ol the opt 


Q 
JRRENT Eur 

POWER 
SUPPLY R2 
— 
INSTANT 

VOLTAGE 
POWER 
SUPPLY 

T 
\ 19 + 16.32 | 
a3 4 
| 
ELECTRONIC 5 , 
; TIMER RELAY 
OV oc vo 
} 
8.4/4 10 
99 
) 
I tion 
and th 


286 ACTA METALLI 
is shown by the thickness-voltage plot in Figure 4. 
the line does not go through the 


that 
origin is that the phase change on reflection from the 


The reason 


metal-oxide interface is not exactly 180°, and the 
constant phase difference is equivalent to a difference 
in thickness. 


An 


would be 


estimate of the errors in thickness which 


caused by the observed variations in 


current density, temperature, and voltage indicated 


that the maximum errors in the thickness of indi- 


vidual specimens of the final step gage would be as 


follow Ss: 


Thickness range Maximum error 
200— LA 
500-2500A tA 

2500—5000A SA 


[The absolute accuracy could be in error by several 


per cent if the density of the thin film is not the 


normal bulk density. The error in actually using the 


to estimate the thickness of an unknown 


film may be much greater than the maximum errors 


ven above because of the inability of the observer 


to distinguish color differences between specimens. 


From 500 to 900A the color change is so gradual 


that specimens with less than 30A thickness differ- 
ence cannot be distinguished with certainty. In 


inges ol thickness differences of SA may be 


r 
most 


the from 350 to 


as 2A may 


detected, while in range 


differences as small be detected. 


tion of Film Structure and Composition 


The structure of the oxide films was determined 


by means otf reflection electron diffraction from 


films in place on the substrate and by X-ray diff- 


raction from films both in place and stripped from 
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the substrate. The films were stripped by cutting 
the tantalum sheet and removing small sections of 
the cracked oxide next to the cut. 

The composition of the oxide films was determined 
indirectly by comparing thicknesses calculated 
from weight changes with those predicted from 
Faraday’s law, from observations of weight changes 
on heating the films in a vacuum, and from the 


structure of recrystallized films. 
Results 


Kinetic Studies at Constant Current 

The purpose of the studies at constant current 
was to obtain the relationship between rate of 
growth, field, and temperature. The field and rate 
of growth were obtained from the slopes of thickness- 
voltage and thickness-time plots for different tem- 
peratures and rates. Figure 5 shows typical curves 
19°C. Least 


square plots were made to determine the field since 


obtained for a run at 8 ma/cm® and 


the total variation of field at any temperature was 
only about 40 per cent and it was therefore necessary 


to know the individual values very accurately. 


hickness 1 function oft 


| per cent Na:SO, at 19°C, 


0.00015 volts/A in the 


field, or about 0.2 per cent ata field of .075 volts /A. 


The probable error Was 2 


Figure 6 shows a plot of the logarithm of the rate 
In the figure the 
that 
It may be 


versus field for five temperatures. 
field 
coincide at In (dx/dt) = 0. 


scale has been shifted so the curves 


seen that the 
plots are identical within experimental error for 
all temperatures, and consist of a linear region at 


low fields followed by a more rapid increase of rate 


« 
« 
FIGURE 4 Phi ess versus voltage from optical measure- 
Ine ts | 
/ 
| 
| / 
| / 
| 
‘ | 
/ 
Step 
! if, 
VA 
FIGURI \ ind time 
Determine 
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with field at high fields. The slopes of the linear 


The 


equation for the linear regions of the curves could 


portions averaged 505 with a range of + 10. 


therefore be written: 


11) =InC+ BF 


where B = 505 and C is a function of temperature 


rABLE 1 
FIELD AT 
=InC+ BF 


AS A FUNCTION OI CONSTANT TEMPERATURE 


In dt 


RATI 


lemperature 


28.90 
The data are given in Table I. A plot of In C versus 
the reciprocal of the absolute temperature gave the 


7 


i 
FiGuRE 6. L dx/dt) as a functio 
The fie ld scale has bee shift 
cide at lt d at 0 


tem pe ratures 


so that all coi 


The 
the slope ol 


straight line shown in Figure 7. 


energy calculated from the 


0.71 eV(16.4 keal per mol), and extrapolation to 


l r = J Gave a value of — 5.5 tor the intercept 


The data obtained from the linear portion of the In 


dx/dt) versus field curves are 


by the equation: 


12 


FORMATION 


activation 


line is 


therefore des ribed 
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0 = 0.71 e\ 
the r in A 


where A 


mol) and where second and _ the 
field in volts/A. 

It is believed that the explanation LO! devia 
tion of the In (dx/dt) versus field plot Irom 
it high rates of formation is that the heat venerated 
by the passage of current through the oxide cannot 
rapidly enouch, SO that the 


be conducted awa\ 


Is heated the | 
\ rough calculation 


iture rise, aSSUTIMINE 


is ibout 
ise would be 4° 
would he il 


re. Krom the measured 


SOTHCW Dat 


oTeal 


287 
Cc In C B q 
bel 
0.5 35.65 5O6 
19 33.77 510 
10.5 31.70 500 } \ 
60.5 30.25 512 \ 
34 
\ 
« 
953 
sls RE 7. Temp e dependence of 
ot the magnitude ot this 
5° ten that heat was suppli 
rormation Ol QO A pel ond ly 
\t this rate the ntery petweel ements 
4 Ss, SO tne maximul rempet tire 
ma ali verTart Tel ( 
perature rise ot 2°C’ would increase the I thn 
Est the rate by about 0.2, while the observe reas 
was 0.3. The boundary conditions assum« tor the 
= A exp (2 Bk ( ( | ( ‘ ec 
dt kl ) 


\LLI 
‘ase in rate. It may be concluded that equation 
12) is probably valid over the complete range of 
temperatures, fields, and rates of formation. 

Several other important observations were made 
from the data obtained from constant current runs. 
First, the 
observed rate with Faraday’s law was constant with 
98.4 


efficiency obtained by comparing the 


in average value of per cent over the entire 
range of temperatures and rates. Since the original 
calibration of the step gage gave an efficiency of 
98 per cent, these results mean that the efficiency is 
the same under all conditions. Second, the intercept 
of the thickness-time plot at zero time was constant 
with an average value of 383A, which probably 
means that a thin air-formed oxide film was present 
Third, 


voltage plot at zero thickness varied with the rate 


initially. the intercept of the thickness- 
of formation, as shown in Figure 8. The increase in 
that 


voltage drop actually occurs across the oxide film 


intercept with increasing rate means less 


at the higher rates, the rest occurring as voltage drop 


in the electrolyte and polarization. 


Ss 


\ 


405 \ 


[he curves shown in Figure 8 appear to be 


isymptotic to about — 1.4 volts at very small rates. 

his negative voltage intercept is the potential of 
the electrochemical reaction occurring in the cell 
during the formation of the oxide film and this 
potential is present across the oxide in addition to the 
applied voltage. This potential must be added to the 
applied potential when the field in the oxide is 


calculated. 
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Kinetic Studies at Constant Voltage 

Rate studies were made at constant voltage in 
order to test equation (2) derived by Mott and 
Cabrera, and also to check the results from the 
constant current runs. Two corrections were neces- 
sary in making a run at constant voltage. The first 
was a compensation for the polarization and voltage 
drop in the electrolyte, and made use of the results 
reported above for runs at constant current. At the 


FiGurE 9. Method of correcting the initial points of the 
constant voltage runs. 


start of each portion of a run the field which would 


be present in the oxide was estimated from the 
observed thickness. The rate corresponding to this 


(dx dt } 


curves shown in Figure 7, and the sum of polarization 


field was obtained from the In versus field 
and voltage drop for that rate were read from 
Figure 8. This latter sum was added to the desired 
voltage and applied across the cell for the desired 
time interval. The maximum correction was about 
2.5 volts, and no correction was necessary for times 
ereater than one or two minutes. 

The second correction was made to the data after 
the run was completed. The procedure used in 
making these runs was to form an initial oxide film 
at a voltage about 10 volts below the final voltage 
in order to prevent excessive initial currents. If the 
full voltage had been applied at once this initial 
film would have formed in time ?¢’. The true initial 
time was therefore ¢’ instead of zero and results 
should be plotted against ¢ + ?¢’ where ¢ is the recor- 
ded time. To find ¢’ the reciprocal of the thickness 
was plotted against the logarithm of the time, the 
straight portion at longer times extrapolated to the 
reciprocal of the initial thickness, and the time read 
from the graph (see Figure 9). This time was then 
added to all the recorded times and the results were 
replotted using ¢ + ¢’. The values for ¢’ were usually 
between 0.2 and 0.5 seconds. 


RECIPROCA 
~ 
= 79 
2 
I RE 8, Polarization and voltage drop in the electrolyte 
f t f log rate 
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Plots of 1/x and x versus log time for a run at 
19°C are shown in Figure 10. It may be seen that 
1/x versus log time is linear to about 1000 seconds, 
the Che 
time plot, on hand, is 


growth decreases. 
the 


straight after about 50 seconds. It appears that two 


after which rate of 


thickness—log other 
mechanisms are involved in the process, the first 
predominating at short times and the other at long 


times. 


FIGURE 10. Duplicate reciprocal thickness 
versus log time plots for anodization at 120 volts it 


NazSO, at 19°C. 


l per 


At short times the constant voltage results give 


which has the form as that 


the 


a growth law same 
Mott 
However, according to the theory the slope of the 


kT/XV, 


temperat ure. 


predicted by theory of and Cabrera. 


1/x versus In time curve should be and 


should therefore vary linearly with 


The actual slopes, given in Table II, were indepen- 

TABLE II 
AT CONSTANT VOL1 
1 


THICKNESS AS A FUNCTION OI 


lemperature 


( 


395 


average \ alue of 
+ 7.003 « 10 


dent of temperature with an 
0.371 10-4 


From this average slope the value of the constant 


and a scatter of 
B in equation (12) may be calculated. Comparison of 
(12) that 
q/kT in the former equation has been replaced by B 


equations (1) and shows the quantity 


in equation (12). Since the theory predicts that 
the slope of the 1/x versus log time plot should be 


2.3kT/qgXV, the constant B in equation (12) should 


FORMATION 


ANODIC FILMS 


be 2.3/V slope ot 1/x vs log plot [hese 
were made at 
added the 1.4 
The constant B is then 
the 506 


current 


120 volts and to this voltage must be 
volts due to the chemical reaction 
reement 


Siz, in excellent ag 


with value determined from constant 


runs 
From equation (2) the rate of growth obt 


by differentiation is 


srowth ilculated tor 


fields 


Rates of were ( 


peratures and and the 
by plotting In 
0.695 eV (16 kcal/mol was obt 


fields 0.050 to 


determined 
\ value of 
for the activation 
0.075 A 
0.71 eV 


Krom equation (13 


energy at Irom 


volt in good agreement with the value 


obtained from constant current runs 
and the tact that the 


Drocess 


is nearly 100 per cent efficient, it would bi 


expecte | 


that a plot of current density would 
linear. A plot ot log 
Figure 11. It 


a slope ol 1 to \ L LO | 


agaINnst A 
versus log (a 

the curve 
Phe time 


curve departs 


mav be seen that 
with 
which the log z versus log 
the 


versus log time 


linearity is time at which 
1/x 


Since both ol these ( 


Sali 


curve irom 


from lin 


irves devi 


about the same time, ippears reasonable 


some change in the film is taking place, « 
while 


Phe 


t of another 


rate of growth to decrease 


constant mecnal 


ipproximately 
dey iation will be the sub} 
or Cold Work and 

the Ele trolyte 
The 


electrolyte 


eltects ture 


ind Ol cold we 


13 
5 Various te! 
330) we ergies 
4 of 
~ : 
> 4 : 
~ 
Time « I 
| 
953 2 
0.5 6.43 370 } 
19 6.165 3712 
10.5 5.85 373 
60.5 5.6 373 
19 | 373 how | 12 
and concen tratiot o! une 


200 


8). The rate 
for all 


work. 


determined in a separate investigation 
the same 


cold 


of formation was found to be 


specimens regardless of the amount of 


It was also found that the same rate of growth was 


obtained under a civen set ol conditions regardless 


the nature and concentration of the electrolyte 


- all dilute iqueous electrolytes 


be eXpec ted that the rate ol erowth ola 


film under a given set of conditions would be struc- 
ture sensitive, and that the film structure might be 


changed by different rates and temperatures of 


formation. Several tests were performed to determine 
whether there is any detectable effect of the past 
history of a film on its subsequent growth. 

Several experiments were performed to determine 
whether there was any rate history dependence 
In one such experiment two films were formed to 
in 0.1 NaeSO, at 0°C 


and the 


100 volts one at a 


densit\ ol 10 a 


per cent 


current cm other 
0.1 


and 024 A sec ond respectively. 


ma‘cm corresponding to erowth rates ol 52.4 


he two specimens 
were then held at 100 volts and the thickness and 


current density were measured periodically. The 
plots of thickness versus current density, Figure 12, 
620} 
(0 ma/cm? 
0.1 mascm? 


100 volts 


diftere 


Specimens formed at 


previous formation at 
ire the same within experimental error. In another 
100 

per cent 
LOO 


The thickness ol 


volts at 20 
NaoSO, at 
the 


formed to 
cm? in 0.1 
held at 
Ma 
8 A, or 


test specimens were 


cm? and 1 ma 


27°C, and then both volts until 


was 0.1 cm 


+ 


current density 


both 


films was the same within 
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0.5 per cent. Since the efficiency is constant the 
current density is proportional to the rate of forma- 
tion, while the thickness at constant voltage is a 
measure of the field. The 
that the rate of 


field is independent of the previous rate of formation 


above results, means, 


therefore, formation at a given 
of the film. 
Many experiments were performed to determine 


whether there is any thermal history dependence. 


anodized at 
after previous 


Spec imens 
19°C 


History. 
cent NaeSO, at 
temperatures. 


FiGurRE 13. Thermal 
110 volts in 0.1 per 
formation at different 


In constant current experiments specimens were 
formed to 150 volts at one temperature and then fur- 
ther at a second temperature. All runs were made 
at 2 ma/cm? in 0.1 per cent NaoSO,. The slopes ol 
the voltage-time curves for specimens formed at 
0.585 while those 


RR°C volts/second, 


formed at 0°C to 150 volts gave 


averaged 
slopes averaging 
formation at 
88°C, 
averaged 0.732 volts /second while those formed first 


0.588 volts second on subsequent 


The slopes for specimens formed at 


at 88°C gave slopes averaging 0.730 at 0°C. The 


slopes of the curves at a particular temperature 


agree to well within the experimental error of 


+ 0.01 
formed entirely at that temperature or first at some 


volts, second whether the specimens were 


other temperature. 
The 


whether there was a thermal history effect consisted 


constant voltage experiment to determine 
of forming films of approximately the same thickness 
at 19°C and 75°C 
further at 19°C. 
electrolyte voltage drop were neglected. The data 
Figure 13, that 


there is no thermal history dependence. 


and then forming both specimens 


For simplicity, polarization and 


are shown in and it may be seen 


From all of these experiments it may be concluded 


that the rate of formation of anodic oxide films on 


tantalum depends only on _ instantaneous 


SS = 
yf 
at 
i 
580} 
| 
| 
2.2 4 08 2 14 
CURRENT DENSITY-ma/cm@ 
FIGURE 12. Rate Histor’ 


FIGURE 


FIGURE 15 
1500A thick 


* 
‘ 
~ 
X-ray transmission patter tripp 5000A 
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electric field and temperature, and is the same for all 
aqueous electrolytes. 
Structure and Composition of the Oxide Film* 


X-ray 


films as formed gave only diffuse patterns of the type 


and electron diffraction studies of oxide 


shown in Figure 14. Apparently the oxide film is 
amorphous or very finely crystalline in agreement 


with Spauschus [6]. 


PABLE III 


COMPARISON OF Ta.O; PATTERNS 


“This oxide sample was obtained from R. N. Brisse 
Thompson Laboratory, Lyi nh River Works, Ge ral | lectr 
Company. 

ts = strong; m 


= medium; w = weak; vw = very weak 

In order to determine the approximate recrystal- 
temperature, specimens with oxide films 
$,500A thick were heated to various 
0.01 
oxide films were prepared on very thin metal sheet 


X-ray 


lization 
approximately 


temperatures in a vacuum of micron. These 


so that diffraction could be obtained by 


*The author is indebted to Miss I I. Alessandrini, Mrs 
B. F. Decker, and Mrs. A. S Cooper of the General Electri: 
Research Laboratory for obtaining the diffraction patter 
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recrystallization occurred after 


500” ¢ 


transmission. No 
The pattern from a 


heating for 4+ hours at 


specimen heated for one hour at however, 


irced 


lines in iddition to the 
cold-rolled 
[he interplanar spacing values calculated 
Table III] 
\STM 


pure Ta,O 


showed new smooth 


lines from the tantalum, as shown in 


| igure 15. 


from these lines are given which also 


includes the data index for 


Viven 1n ne 


and results obtained from 


powder. The lines lor pure | io) do not agree with 
those from the index, in igreement with the results 
Figure 4 


of Spauschus [6]. The new lines in gree 


with those obtained for the powder 


The 


recrystallizes to 


pure 


is therefore amorphous as formed and 


and 800°C 


film 
between 500 
In order to determine whether any water of 
hydration was present in the oxide film a specimen 
with a 3000A film was heated to 500°C for one hour 


in a vacuum ot .O1 micron. The weight increase on 


anodization was .0051 grams, which corresponds to 
of Ta Ox. detectabk 
\ change of 


have 


was no 
500° ¢ 


grams Chere 


weight change after heating at 
O00] 
detected in the weighing, and if the composition 
had TasO; - HsO 
would have been 4 per cent. Since it 
| 900" 


gram, or 0.35 per cent, would been 


ot the film been the amount of 


water present 


seems likely that heating t film at would 


have driven off any water of hydration, it seems 


certain that li » if anv was present 


dat 


be compared 


Equation (12), which describes the rat 


oxidation, may 
\Vlott ind Cabrer 


three 


obtained for anodic 


with equation (1) derived by 


While they have the same form there are 


major points of disagreement. First, the constant B 


in equation (12) is independent of temperature. 
therefore 


In order for equation 1) t t the data, 


it would be necessary tor gA 


temperature, and have a value of zero at absolute 


It appears unlikely that either the ionic charg: 


jump distance or their product would show 
h temper Second, the 


12) is greater than Q/k7 


or the 


such a variation wit ture 
BF 


for nearly all ra 
held 


value of in equation 
which 
lowe! nergy barrier fo 


1 
ot the were to 


entirely obliterated 
should 


theon 


diffusion the barrier would 


Phird, 


value of about 10 


the value of the constant A have 


iccording to the while a 
was found experimentally 


value of about 10 


therefore that the mechanism 


In ordet to expla n 


It is ipparent 


must be modified 


prop by 


oxidat Ol 


inod 


\ 
\ 
293 
Pur Recrystallised Anodic 1 
ASTM Index n Tantalur 
Inter Intensity 
A npearance of | Source 
Snpacir ] ne 
BSL Da 17 87 tl veak 
3.092 n 3.49 27 
2.449 3.23 23 2.47 I t weak 
2.420 I 3.05 
1.939 I 2 95 13 2.37 strong, arced I 0 
1.829 2 81 58 
1.793 I 2.61 23 
- 
1.654 1.98 $2 1.65 str g ree 
1.644 1.87 17 
Qe 3 1.628 m 1.77 50 
1.544 W 1.62 27 
1474 | 1.32 
1.459 I 
1.438 VW 
, Discu on of Resu 
1.379 
1.332 I 
1.295 vw 
1.224] 
1.210) 
1.200 < 
| 
1.183 vw 
+ ] + 
1.175 vary linearly with 
fay 
and Cabrera 
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204 


application of 


It should be 


equation (1 


pointed out that the 


to data from one temperature only 
would give entirely reasonable values for all of the 
various parameters. It is only when different 
temperatures are considered that it becomes appar- 
ent that the theory does not hold. 
Although according to equation (12) the activa- 
tion energy is independent of the field, a small field 
been detected. For 


dependence might not have 


example, the lowering of the energy barrier for a 
singly charged ion would be AF, where X is half the 
jump distance. If A is 1A the 
lowered 0.075 and 0.05 eV at fields of 0.075 and 0.05 
volts A, 
from the maximum to the minimum field would thus 
0.025 V, 


Thus an equation of the type: 


1x 
= Aexp BF exp — 


used to describe the data if the value of 


barrier would be 


respectively. The change in the barrier 


be. only which might not be detected. 


might be 
b is less than 2. 

At the present time the mechanism which gives 
rise to equation (12) is not known. The form of the 
equation makes it appear possible that the field 
determines the number of atoms or ions which may 
diffuse and that these then diffuse thermally, but the 


details of the process are not clear. 


Conclusions 


The expression 


~ = A | 
RI 


1 describes the rate of erowth of 
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mechanism 


Che 


which gives rise to this law is not known. 


anodic oxide films on tantalum. 
2. The theory proposed by Mott and Cabrera 
cannot explain the observed kinetics. 
3. The rate of formation of a film is not effected 


by its past history, the state of cold work of the 


metal, or by changes in the nature and concentration 


of the electrolvte. 
The 


amorphous Ta,O; with a recrystallization tempera- 


anodic film on tantalum consists of 


ture between 500 and 800°C. 
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FURTHER NOTES ON THE SHAPE OF METAL GRAINS: 
SPACE-FILLING POLYHEDRA WITH UNLIMITED 
SHARING OF CORNERS AND FACES* 
C. S. SMITHT 
\ statement in an earlier paper that there is a topological limit to the sharing of « 

of three-dimensional cells analogous to metal grains is shown to be wrong 

polyhedra sharing faces with as many as 20 neighbors are sketched 

polyhedron can exist that meets the requirements of surface-tensio1 

junctions. A relation is derived for the sum of angles at each vertex 

filling array of plane-faced polyhedra 


NOTES ADDITIONNELLES SUR LA FORME DES GRAINS DES METAUX; POLYEDRES 
REMPLISSANT L’ESPACE, AVEC UN PARTAGE ILLIMITE DES COINS ET FACES 


Il est montré, qu’une déclaration faite dans un article antérieur, qu’i 


au partage des coins dans un réseau de cellules a trois dimensions, a 
est incorrecte. 
De nouveaux polyédres non réguliers avec les faces partagées par jusqu’é 
tisées. 
Il est impossible de construire une figure a faces planes, remplissant | 


conditions de tension de surface aux surfaces de joi! 


WEITERE BEMERKUMGEN ZUR FORM VON METALLKRISTALLITEN, DREIDIMEN- 
SIONALE POLYEDER MIT UNBEGRENZTER ANZAHL GEMEINSAMER ECKEN UND 
FLAECHEN 


Es wird gezeigt, dass die in einer fruehere Arbeit gemachte 
Begrenzung der Anzahl der gemeinsamen Ecken in einem dreidime 
analogen Zellwerk existiert, falsch ist. Neue, nicht-regulaere Polyec 
Nachbarn gemeinsam sind, werden beschrieben. Es ist nicht moegli 
ebnen Flaechen begrenzten Koerper zu konstruier¢ 
spannungsbedingungen venuegt, 


In a paper [1] on the shape of aggregates such as the junction of three polyhedra sharing the verti: 
bubbles, metal grains, or cells in undifferentiated edge and two additional polyhedra meeting 


biological tissue (all of which tend toward a struc- initial three at the top and bottom vertices, respe 
ipices Ol the top and hottom 


ture possessing minimum interface area), it is tively. Now extend the 


suggested that the maximum achievable number of | polyhedra, which initially have no contact 


corners in a corner-sharing space-filling array of each other, until they meet in the middle of the arn 
polyhedral cells is six per polyhedron, and it is asin Figure 1b, forming a triangular face which 


the 


two corners 


implied that the minimum interface area occurs have in common. By 


when there is maximum sharing of corners and faces been replaced with three, one edge with three, 
for a given number of three-dimensional cells. a new face has been introduced, without 
the manner 


These statements are wrong. Professor Edward the number of polyhedra or 


+) 


Teller [2] has called attention to a simple operation  2-, 1-, or 0-dimensional c cet. § 


that permits an increased sharing of interfaces, * wish to construct a polyhed: 
which can be continued apparently without limit, mere duplication and translation will 
and without detriment to the space-filling properties it is obvious that for every projection 


of the structure. sharing a triangular fa 
Consider an array of truncated octahedra (Figure neighbor, there must be 
2), each with eight hexagonal faces, six four-sided 
faces.f In a space-filling stack each face is shared by 
two polyhedra, and each corner (shared by poly- 
hedra) represents the point where two quadrilateral 
and four hexagonal faces meet. The unit junction of 
edges will be as shown in Figure la, which represents 
*Received September 8, 1952; in revised form, Jat 
20, 1953. 
TInstitute for the Study of Metals, University of Chi 
Illinois. 
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tions on each polyhedron, in such positions as 
stacked. 
with 24 
IS trac- 


n when the bodies are 


the projectio 
truncated octahedron 


be 


corners 


corners, there can at most 6 male and 


il femal he simplest operation to 


e 


make a stackable body is to add a single 


pair ol 


projections, as in Figure 3. This brings the cell in 


contact with two more neighbors than it had 


as a 
s mple truncated o¢ tahedron, making a total of 16. 
If two pairs of projections are used with appropriate 


nesting sections, these may at 


be disposed either 


angles to each other, as in Figure 4, or in the same 


plane, asin Figure 5. Though the svmmetry is higher 


in the latter « the additional projec tions have 


ase, 
not increased the number of neighbors over those ot 


Figure 3. Figure 6 shows the result of adding three 


pairs of projections, utilizing all 24 original corners. 
Table I lists some topologic al characteristics of the 


various polyhedra, both as bodies and 


separate 


when in a space-filling array with shared faces, 


edges, and corners. These can be compared with the 
Table III of {1 


values given in 
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number of still further 


The be 


increased in uniform space-filling bodies by reaching 


corners Can 


out to a further shell ol neighbors by extending one 


corner of the triangular face on the end of each 


projection in Figures 3 to 6, thus making a triangular 
ol 


another polyhedron in the next shell of neighbors. 


face shared with a similarly distorted apex 


This kind of operation can be continued indefinitely 


without affecting the space-filling properties of the 


body but with continued increase of the number of 


corners, edges, polygons, and faces that it possesses. 

If the requirement of space-filling by repetition 
alone be removed, then obviously practically limit- 
less arrays of polyhedra can be constructed. Any one 
cell, as in a soap froth, regardless of the number of 


apices that it may have, can have every apex 


converted to a triangle and extended to meet a cell 


that it would not otherwise touch. There are, 


however, limitations on similar extensions of its 


neighbors: If only a single-stage extension of this 


type is permitted, the total number of corners per 


polyhedron on the average for the whole array 


rABLE |! 


2 added 
projec tiol 
Fig. 3 
16 neighbe 


octahedro1 
Fig 


9 
} 


I 


Polvhedra with 


t added 6 added 
projectiol Ss 
Fig 


16 ne 


t added 
projec tions 
Fig. 4 


18 neighbors 


projections 
Fig. 6 


ighbors 20 neighbors 


Ts 


F, F, 


wlyhedron, the above all conform to the requirements that 


when the poly hedra are considered as separate bodies, or that 


eatures on stacki s allowed. Conformity to these criteria isa 


2 
No. of edges per face, 7 F, F 
LO 9 { 
Q 6 
7 { 
~ 2 
6 
6 
9 9 
[ ert €pardale viedr 
Ni f corners. (¢ 24 28 32 32 36 
No. of edges I 36 $2 ts 1S 54 
f faces 14 16 IS IS 20 
Edges per iverage tact 5 53 53 5 
f ng? é } ri? rr 
No. of corners per cell, C/B 6 7 
No. of edges per cell, E/+f 12 14 16 16 LS 
No. of faces per cel B 7 10 
In addition to the Euler relations which apply to every 
(6 — n)F, = 12 and that E = 3(F — 2) and C = 2(F — 2?) es 
E/B =2(P/B 1) and C/B = P/B | when the sharin 
ecessary thoug! yt sufficient requirement for stacking with four-ray corners 


: 
; 
in 
4 . 
\ a? 
‘ 
FIG.5 FIG.6 
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cannot exceed eight (since, of the initial optimum 
six, only one is extendable if the necessary three 
female distortions are allowed for 

bodies 


be- 


tween next-to-nearest neighbors is of a one-dimen- 


It is interesting to notice that, in the 


represented in Figures 3 to 5, the connection 
sional character. It does not seem to be pe ssible to 
make closed loops of second-nearest neighbors, i.e. 
of polyhedra touching only at the ends of their 
projections. 

Most physical or biological assemblages of cells 
tend to approach a minimum interface area. Spatial 
connection with a maximum number of neighbors is 
not usually a matter of great importance, particu- 
larly in the asymmetrical manner possible with the 
new polyhedra. If the requirement is merely that of 
connection and the requirement of exact repetition 
is removed, then there are clearly innumerable 
a multiply-branched nerve net- 


that 


possibilities as in 


work. It may, however, turn out there are 
certain physical or biological structures in which 
both repetition and multiple neighbors are desired, 
and in these an approximation to the new polyhedra 
might be found. 

In two dimensions there is coincidence between 


(C/P = 


minimum length of interface that will give extended 


the topological maximum and the 


subdivision of space. A uniform straight-sided 


hexagonal network corresponds both to the shortest 
boundary length and to the maximum _ possible 
number of corners per polygon. (Other configura- 
the C/f 


the 


tions possessing same ratio can have 


larger boundary length for same number ol 


cells, but the physical and topological conditions 
become identical at the limit.) In three dimensions 


there is no such coincidence; indeed, there is no 


topological limit whatever to the number of corners 
that can be shared. The special value 


6 that corresponds to the truncated octa- 


or faces 
= 
hedron and distorted forms thereof is a maximum 
value only under additional non-topological restric- 


tions of convexity, symmetry, or area of intertace. 


The “proof” in [1] that 7 = 5! for minimum inter- 


face area is erroneous, although the tact itselt 


remains probably true. 


The Impossibility of Combining Plane Faces 
with Angles of 1095° 


There is another approach to the problem of the 


minimum area cell, based on the fact |3|—discovered 


by Descartes—that the sum of all face angles of any 


plane-convex polyhedron is exactly tr less than the 


sum of corner angles in a sphere covered with 


SHAPE 
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spherical polygons equivalent to the polyhedron 


under consideration; 1.e 


2rC 


where C is the number of vertices, and }(¢ is the 


sum ot < the face 
If 


» vertex, then 


angles in the polyhedron 


@ 1s the average angular deficiency at 


C(22 


or 


cube with eight corners has an angular 


Thus, a 


deficiency at each vertex of 7/2 and a tetrahedron 
with four corners, of z. 


has 20 


\ pentagonal dodecahedron 


corners, each deficient by 7/5, and the 


truncated octahedron (Figure 2) has a deficiency of 


r/O0 at ea h of its 24 corners \ rhombic dodeca- 


hedron achieves the required average corner defi 
combining eight corners with a 
1093 


x 1093 


ciency ot Zr by 


deficiency ot (27 a 


with six corners 
each deficient by 

Returning to space-filling, it seems probable that 
the ideal cell with minimum interface area must have 
faces as nearly plane as possible, intersec ting in the 
manner so beautifully illustrated by soap films in the 
center of a tetrahedral wire frame (Cf. Figure 18, 


reference 1), namely, six plane films meeting 1 


groups of three at 120° to each other, forming tour 
edges, which edges all meet at a point at an ingle 
of 109.472 Now it is 


obvious that no single plane polygon can have all its 


degrees L.€ COS 


corner angles of this value, tor 7 2nr/ (4 


ind it 


would need to have 5.11 sides, an irrational number 


[t is not immediately apparent that this could not be 
achieved as an average of different kinds of polygons 


indeed it is tantalizingly close to the 5! number 


characterizing the truncated octahedron. However, 


one can exclude any plane solution by utilizing 


Equation (3) to determine the number of vertices 


that our supposed], ideal plane-taced poly hedrot 


would have if all corners were composed of three 


1093 angles. It is the following 


720 


360 


22.794 


109 


172 


Since this is not a whole number, no plane-taced 


polyhedron can possibly have the desired cornet 


some 


Since for 


ang curvature of the faces is, therefore, 


necessar\ stacking the corners must be 


an exact multiple of four, a 24-corner body seems to 


be the nearest possibility the Kelvin tetrakaideca- 


Ol 
| = 
( 


300 
The with 20 


does not 


hedron. pentagonal dodecahedron 
the required 


the 


corners deviate far from 


number of corners or angles, though it lacks 


symmetry necessary to form a lattice. Empirical 


[4] show this to be the only regular poly- 


studies 
hedron to be approximated in a froth ot 


bubbles. It 


in contrast to 


SOap 


is indeed a relatively common torm 


the virtual non-existence of the 


tetrakaidecahedron. 


Vertex Angle Sums in Polyhedral Networks 


Chere is an additional interesting characteristic 
polvhedra, provided that they are 
but 
V poly- 


of space-filling 


plane-faced (hence of no interest in foams 


without any other limitation. If there are 
hedra meeting at each point in space, and if each 
polyhedron when considered as a body 
has C 


vertex must be 


separate 


vertices, then the sum of all angles at one 


This results directly from the fact that the three- 
) 


dimensional vertex has meeting at it exactly V7r/2 


faces, where 7 is the number of faces meeting at a 


vertex of the separate polyhedra, and consequently 
>, ¢ isexactly V/2 times the sum of the angles given 


for one vertex by Equations i—3 


It should be 


not affected by-any 


noted that the vertex angle sum is 


distortion as long as the faces 
remain plane and the numbers of faces and polyhedra 
vertex remain unchanged. If all ver- 


lV’, and C are 


meeting atl 


tices are not identical, then >_, ¢, the 
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appropriate average numbers; the relations then 
apply to any connected space-filling array of plane- 
faced cells, regardless of how many different types 
of polvhedra may actually be involved. It follows 
immediately from Equation (4) that the sum of plane 
angles al each vertex in an array ol cub al cells (ior 
which N = 8, C = 8) is 67; that of an 
octahedra (NV = 4, C = 24 
2 


that of an arrav of rhombic dodecahedra (NV = 14/3, 
C 


array ol 


truncated is llr/3 and 


Note Added January 13, 1953 


\ reader of the manuscript has called attention 
to the important paper by E. Federow [5], in 


that 


von 


which it is shown space-filling polyhedra 


cannot be convex if they have more than 14 faces. 
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THE FORMATION OF » CARBIDES’ 
KEHSIN KUOt 

n carbides exist in two forms, 7; with the ideal general formula A:B:C. and no with t ideal general 
formula A,ByC. Here A represents a transition metal of period IV and B a metal of period V or VI 
in the periodic system. It has been proved that metals A and B have diagonal positions in tl 
table, the connecting line from A to B running downwards to the left, as shown bv the n carbides 
found in this investigation: V3Zr3C, CrsNbsC, MngMosC, Mn;W3;C, FesMosC, CooMo:C. NisMont 
and NioMo4C 

fa does not form a double n carbide with any transition metal of period IV, b y triple 
carbides containing Ta as B atom are found to exist: e.g., (V,Fe):TasC. (V.Co)«Taal ieTasC 
(Cr,Fe)sTasC, (Cr,Co)sTasC, (Cr,Ni)sTasC, and (Cr,Cu)sTas( Nb also forms a triple arbide 
V,Ni)sNbsC. 

lhe formation of this family of carbides is discussed from the point of view of the relat 
of the transition metal-carbon bond, of the atomic size factor, and of the possibility of 
electron compounds. 


the periodi 


LA FORMATION DES CARBURES 7 


Les carbures 7 existent en deux formes, 7; dont la formule générale, idéale est A;B;C, et m2 dont la 
formule générale, idéale est AyBsC. Ici A représente un métal de transition de Ja quatriéme période 
et B un métal de la cinquiéme ou sixiéme période de la classification périodique. II a été prouvé que 
les métaux A et B occupent des positions aux extrémités de diagonales dans le tableau périodique 


la ligne qui joint A et B se dirigeant vers le bas et A gauche. Ceci est bien montré dans les carbures 
n qui ont été trouvés lors de cette investigation: V3Zr3C, CrsNbsC, MnsMosC, Mn;W;C, FeeMo,C, 
CozMoyC, NizsMosC, NisMo,C. 

Ta ne forme de carbure double » avec aucun des métaux de transition de la quatriéme période 
mais il a été montré, qu’il existe plusieurs carbures triples contenant du Ta comme atome du genre 
B; par exemple: (V,Fe)3Tas:C, (V,Co)3TasC, (Cr,Fe)3TasC, (Cr,Co)sTasC, (Cr,Ni)sTasC, (Cr,C 
TasC. Nb forme aussi un carbure triple (V,Ni)sNbsC. 

La formation de cette famille de carbures est discutée du point de vue de |’intensité relative du 
lien entre le métal de transition et le carbone, des dimensions des atomes et de la possibilité d’existence 
de composés électroniques. 


DIE BILDUNG VON y CARBIDEN 

Carbide kommen in zwei Formen vor, 7 mit einer idealen Summenformel A;Bs( 
idealen Summenformel AsBgC. A bedeutet hier ein Ubergangsmetall der vierten 
Metall der fiinften oder sechsten Gruppe des periodischen Systems. Es wird gezeig 
A und B diagonale Stellungen im periodischen System haben, die Trennungslinie zwischen A und B 
lauft von der linken Seite des periodischen Systems nach unten, wie es die » Carbide dieser Unter 
suchung zeigen: V3ZrsC, CrsNbsC, Mn;Mo;C, MnzW3C, FezMoyC, NisMosC, and NisMog 

la bildet mit keinem der Ubergangsmetalle der vierten Gruppe Doppel » Carbide, aber es wurde 
gefunden, dass Trippelcarbide, die Ta als B-Atome enthalten, existieren: Z. B V,Co 
(V,Ni)sTasC, (Cr,Fe);TasC, (Cr,Co)sTasC, (Cr,Ni)3TasC, and (Cr,Cu);Tat 
lrippelcarbid (V,Ni)sNb;C. 

Die Bildung diser Carbidfamilie wird vom Standpunkt der relative 
Kohlenstoff Bindung, der Atomdimensionen und der Méglichkeit 
verbindungen darstellen, diskutiert 


; space group Fd3m, having 96 metal and 16 carbon 
Introduction 


1 


atoms on a f.c.c. lattice, but the distribution of the 
Westgren and Phragmén [1] identified the Fe;W 3¢ metal atoms differs slightly 

carbide in a high speed steel, and this carbide and According to Westgren . the atoms of 

its isomorphous carbides were thereupon commonly carbide occupy the following positions 

called high speed steel carbide. However, it has been according to the International Tables for 


pointed out recently [2] that it is the WeC carbide, Crystallography 


not Fe;W;C, which is responsible for the characteris- és 1)) 
tic properties of high speed steel. Hence the term 29 _ forming 
high speed steel carbide is somewhat misleading, ta of 

and the designation carbide, used by Takeda [3 which every Gee vee 


for the carbide Co3;W;C, is therefore used here for adi the intermediate 


the family of carbides with the general composition 
M,C. 


n carbide is known to exist in two forms: m has 


distorted. 
16 C probably in (c), occupying the centres of 
: the slightly distorted B octahedra. 
the ideal general formula A;B;C, and me, AsByC, 


where A represents Fe, Co, or Ni, and B represents 
W {[1; 4-8]. Mo also forms the m; carbide with Fe 


determined directly from X-ray 


intensities because of the weak 


and Co [1; 9]. These two forms belong to the same 


eer scattering power of the carbon 


*Received January 13, 1953. meal ; atom as compared with the metal 
{Institute of Chemistry, University of Uppsala, Sweden. pam 
alO Ss. 
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Che 1 carbide has a large range ol homogeneity, 
the limits of which closely correspond to the for- 
mulae and A,BoC. 


towards the latter formula implies that A atoms are 


The extension of the range 


substituted for B atoms in ,so that with the com- 


position of AyBoC this position is oO cupied by 16 A 


+32 B in a random distribution. 
According to Kislvakova [6], confirmed recently 
by WNiessling [7], the atoms of the N2 carbide are 


distributed as follows, in the same positions as 
mentioned above: 

16 B in (d 

32 A in (e) 

18 Bin ( 

16 C probably in (« 

This gives the formula AoB,;C. As the B atoms are 
larger than the A atoms, the larger amount of B in 
N2 as compared with n; causes the cube edge of ne 
to be slightly larger than that of y; containing the 
same metals. 

As both 7; and 2 always contain six metal atoms 
per carbon atom they are both often designate 


MC 


Recently, Karlsson |10] 


carbides. 

found a series of metallic 
oxides isomorphous with the 7; carbide, with the 
composition A;B;0—where A Mn, Fe, 
Co, Ni, or Cu, and B another 
series of oxides of this ty pe, Awas represented by -, 
Cr, or Mn and B by Zr [11]. 
could here be determined from the X-ray intensities, 


represents 
represents ai: In 
The oxy gen positions 
ind the findings confirm the suggestion made by 
Westgren concerning the carbon position of the 7 

irbides. 

The 
discover whether n carbides exist among the tran- 


metals, 


present investigation was undertaken to 


and whether there are any eveneral 


sition 


onditions ior thei ippearaln 


Experimental Methods 


The carbides were prepared from high purity 


metals and ‘‘Tierkohl.’’ The metals used were of the 


following qualities: Titanium and Zirconium (de- 


— 
Hydride 
Vanadium Corporation of America 
Metallurigeal 


Ferrolegeringar, 


in vacuo from the respective hydrides, Metal 


Vanadium (99.75%, 


Niobium and 


( ration, 


Grade R. 


Pantalum Fansteel 


99°7.), Chromium and Manganese 
99.9°7), Molybdenum, Wolfram, iron, and Copper 
Schering-Kahlbaum, puriss.), Cobalt (J. D. Riedel, 
puriss. nickel-free), and Nickel (E. Merck, puriss. 
cobalt-free 

were 


The finely powdered mixtures, about 1 g., 


pressed into pellets under a pressure of 20 ton/cm?’. 
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The pellets were then sintered in a vacuum graphite 
1500—-1800°C. The crucibles used were of 


zirconia. 


furnace at 


magnesia or However, it was found 


convenient to prepare the carbides containing 


manganese in evacuated silica tubes, heated to 


1000°C for 50 hours, on account of the high volatility 


of this metal. 


The phase analyses were made trom powder 


photographs taken with CukKa radiation, using a 


Guinier type camera with a bent quartz mono- 


chromator. 

No chemical analyses have been made, because the 
sintered products were usually found to contain 
several carbide phases. The formulae assigned to the 
the ideal 


n carbides in the following are formulae. 


Double Carbides 


“double carbide’ is used here for 


The 


carbides the formation of which needs the presence 


term 


of two and only two metals. After finding the double 
carbides Fe;W3C and Fe;Mo;C, Westgren ef al. [5] 
tried to replace Fe with Cr, Mn, Co, or Ni, but only 
Co3W3C NigW3C the 
carbide Co;Mo;C was also reported [9]. The »: 
carbides reported earlier are Fee\W CooWyC, and 
NioW,C [6; 7; 8]. 

The 


structure 


and were obtained. Later, 


following double carbides with n carbide 


were found in the present investigation: 


V2Zr;C, 1 12.12A a 
CrsNb;C, = 11.49A CooMo,C, 
MnzMo:C, a = 11.13A a 
Mn;W;C, 11.13A 
NisMo;3C, 11.05A 


11.26A 
11.25A 
11.25A 


However, if 1 exists together with No, 1 
case of NisMos3C and NioMo,C, the cube edge of the 
former carbide is less than the above values (e.g¢., 
for NisMo3C, 10.90A). This is probably not a 


new carbide phase, since no change in line intensity 


only 


from the 7; carbide with a normal cube edge can be 
detected. It perhaps corresponds to the A-rich end 
ol the homogeneit\ range of the 11 carbide. The n: 


\.W.C, also have the above- 


mentioned cube edge, 11.25A [7; 8]. 


carbides tound before, 
Table | shows 
part of the periodic table with connecting lines 
between metals which have been found to form 7 
phases containing not more than two metals. 

Ta does not form 7 carbides with any metal of 
lable I). Hf 
has not been studied. The 2 carbide may also exist 


\ -Zr-( 


n carbide has been found, although the m2 form has 


period IV, nor does it with Mo (see 


in other metal systems , in which the 


KUO: 


FORMATION 


OF » CARBIDES 


rABLE | 


No. of Period 


1V 


Vi (Hf) Ta 


not yet been detected. In the following, only the 
conditions for the formation of the 7; carbides will 
be discussed. 

By examining the positions in the periodic table 
of the metal pairs which form the 7; carbide, the 
following observations can be made: 

1. A belongs to period IV, while B belongs to 
period V or VI. A and B are always situated in 
diagonal positions, the connecting line from A to B 
running downwards to the left. 

2. The affinity of the transition metals for carbon 
increases within each period from right to left, i.e., 
from Ni to Ti, from Mo to Zr, and from W to Ta. 
within a when moving 


The variation group, 1.€., 


vertically in Table I, has not yet been definitely 
established, but it seems as though the affinity for 
carbon increases slightly when moving upwards.* 
For the formation of the 7; double carbides it is 
for both A and B to 


affinities for carbon. For instance, Zr and Fe will not 


necessary possess similar 
form a double carbide because the zirconium, with 
its greater affinity will seize all the carbon to form 

3. The ratio ol B to A 


However, 


radi of lies 


1.18. 


the atomi 
1.10 


of this ratio of 


within the narrow range the 


attainment atomic radii is not in 
itselt 
carbides, since there are metal pairs with this ratio 
Ta 
The formation of Fe;Mo;C in the system Fe-Mo-( 
12]. At 700°C. the equili- 


brium carbides in the iron-rich corner of this system 


a sufficient condition for the formation of 7 


which fail to form the 7 carbide, e.g., 


has been studied in detail 


are: 


\tomic Ratio of Mo:Cinthe Alloy Carbides 
MoC 
MoC 
Mot 


) 


in 
=] 
< 


Fe;Mo¢ 
*An experiment carried out by the author agrees with 
supposition. Wolfram carbide WC was mixed with chrom 
and the mixture heated in vacuum in a graphite tube furnace 
\ violent reaction occurred at 1200°C. and powder photo 
graphs showed the products of the reaction to be wolfran 
and chromium carbide CrosCs. We therefore have 


6 WC + 23 Cr = 6W + CrasCe 


tormed Nb was 
carbide, 
tions ol 


investigated 


The n» carbide was not found when there was 
Che 


systems 


formation of carbides in othet 


Im excess. ] 


A-B-C 


with respet t to the composition ot the alloy s as that 


mav follow the same relationship 


stated above. 


Triple Carbides 
rhe results reproduced in | 
pression that the inability of Ta to form the n 
phase with the metals of period IV is due to the fact 
that the only metal in this period suitable for such a 
formation must have properties intermediate between 
those of Cr and Mn. [a has 
. lower affinity for carbon than Nb has, and that Cr 
and Mn (and 


( arbidet 


Che reason may be that 


and the metals before Cr) is too strong 


the metals after Mn) too weak a forme 


to form the n, carbide with Ta 


Whatever 


suitable 


the reason, it seems probable that 
should have 


metal \ 


irbide 


mixture of period IV metals 


mean properties enabling it 
together with Ta as metal B 11 
Experiments carried out in 
led to the preparation Ol 
containing | \ triple car 

ot V and Ni as metal A 
prepared. Her 


pr eTTIECS lc 


the mixture 
had mean 


carbides tound were 


Experiments 

I \\ as the 

round to 

is mentioned above, with various com] 


\ metals. 


From 


Hatnium carbides have not 


the position ol Ht in the per! 


| 
303 
Ti V Mn Fy ( Ni Cu 
V 
Ww 
53 
eral triple n, carbides 
smetal Bw 
f \ N 1 
to those (1 lhe new 
Cr. ke | 140A 
SAP: L1.40A 
Cr,Ni)sPasC, 
Cr.Cu)el acl ] 11.52A 
VF 11.54A 
Fe V.Co)slat. a 11.56A 
V.N1)s1 ( 11.56A 
V Ni)sNbsC, 11.50A 
< A.R. < 2-3 
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table, it is to be expected that Hf, like Ta, can at 
least form triple 7; carbides. 

It would be interesting to determine the propor- 
tions of the two metals functioning as A in these 
triple carbides. It could be expected, for example, 
that a carbide with A 
Cr than a carbide with A = Cr, Ni. Unfortunately, 
it has not been possible to obtain composition data 
by chemical of the 
other phases. Conclusions drawn from unit dimen- 


Cr, Fe would contain less 


analysis because presence of 
sions only are also of little value, because the amount 
of each of the three metals may vary. For the same 
reason, the figures given above cannot be taken to 
characterise the carbide phase in question. 

It should be noted, however, that the variation 
of the cube edge of (Cr,Ni)3Ta3;C from 11.35 
11.44A is caused by a variation of the ratio Cr:Ni. 
For (Cr,Cu);Ta3C 2A, 
was found. This may be due to the radius of the Cu 
atom (1.28A for coordination number 12) being 
larger than the radius of the Ni atom (1.25A), but 
also to the fact that less Cu than Ni ought to be 


to 


a still larger cube edge, 11.5 


required for the formation of the carbide, so that 
more Cr (radius 1.30A) is present. 

Instead of varying the mean properties of the 
metal mixture serving as A, a suitable variation in 
B by partial substitution might be 
produce a similar effect. An attempt was made to 
prepare the carbide Cr;(Ta,Zr);C in this way but 
without success. The double carbides Cr;Zr;C and 
Cr;Mo;C be but Cr3Nb3C 
could be prepared, it was thought that a mixture 
of Zr and Mo could be substituted for Nb, thus 
Zr,Mo);3C 


pare this triple carbide were also unsuccessful. 


expected to 


could not found, as 


forming the carbide Cr Efforts to pre- 


The » Carbides as Electron Compounds 


The of 
carbides are in certain respects analogous to some 
conditions found the of 
It is known, for example, that Nb 
and Ta form Laves phases (BA2) with Cr (MgCu, 
type Mn (MgZn type), Fe (MgZn2 type), and 
Co (MgCue type), but not with V or Ni [13; 14]. 
However, Laves phases Nb(V,Ni)2 and Ta(V,Ni 
both of MgZnz type, can be prepared [15]. 

Similarly, W and Mo are known to form sigma 
phases with Fe and Co but not with Cr and Ni [16]. 
Nor does Cr form a sigma phase with Ni. But ternary 


above conditions for the formation n 


for formation Laves and 


sigma phases. 


sigma phases were found to exist in both the sys- 
tems W-Cr-Ni [15] and Mo-Cr-Ni [17]. 
As the electron/atom ratio is considered to be an 


important factor for the stability of both Laves and 
sigma phases [18; 19], it seems rather likely that this 


I 
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factor also plays a role in the formation of the 7 
carbides. As a matter of fact, Karlsson [11] has 
already made the suggestion that the oxides of the 
n carbide structure are electron compounds. Beattie 
and VerSnyder [20] recently gave the electron/atom 
ratio of the Fe;W3C carbide to be 7:1; however, the 
present author considers their treatment not 
rigorous enough to give this figure any physical 
meaning. 

Until we obtain more insight into the electronic 
structures of the transition metals, especially those 
belonging to periods V and VI, any further specula- 
the 
the 


fruitless, the more so since 


the relative strength of 


tion is probably 
atomic size factor, 
transition-metal to carbon bond, and the electron 
atom ratio may all be of importance for the stability 


of the carbides. 
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THE EFFECT OF DEFORMATION ON THE ELECTRICAL 
RESISTIVITY OF SOME COBALT-NICKEL ALLOYS’ 


BROOM}? and C. S. BARRETT: 


Resistivity determinations on ann 
confirmed that stacking faults can make .; 
resistivity due to cold-work \ltho igh the 
had generally to be deduced from the know: 
obtained for the presence of stacking faults 1 


resistivity 


LES EFFETS DE LA DEFORMATION SUR LA RESISTIVITI 
DE COBALT-NICKEI 


Les déterminations de la résistivité, effectuées sur 
de cobalt-nickel, ont confirmé I’hypothése, que les 
youer un role important, dire t ou indirec # dat s l’a 

Quoique les densités relatives des défaults d’empil ig 
déduites des carat téristiques de transformatio co 
d’empilage dans l’alliage déformé, do l’accroiss 
obtenue au move des rayons X 


DER EFFEKT DER VERFORMUNG AUF DEN ELEKTRISCHI 
EINIGER KOBALT-NICKEL LEGIERUNGEN 


Widerstandsmessungen an gegliihten und ver t Drihten einiger Kol 
bestatigten, dass ‘“‘stacking faults’’ einen g1 lirekt lirekt 
des Widerstat des, die man nach Kaltbearbeitu o der 
im allgeme ner ius dem be kat te Verhalte be | 
“stacking faults’’ geschlossen wurde, kor 
Vorhandensein der ‘‘stacking faults’ i de 
zunahme zeigten, gebracht werde 


IS t Maximum, [ol 
1. Introduction 
ansiort itl 


In order to account for the large increases in ture, neat transformation composit 
resistivity due to deformation in some allovs it has imple I hi S proy ded by 


nas been investig 


been suggested [1] that stacking faults associated system which 
9 


with dislocations make an important contribution to rrett [3]. They 


snowed 
the scattering of conduction electrons. These faults uin-induced 
arise from the dissociation of certain dislocations close pac ked 


into two partial dislocations separated by a region the hexagonal 
of taultv stacking, as first shown by Heidenreich from ~ 420% 
and Shockley for edge dislocations in a ¢ lose-pac ked iddition of 30 per cent 


lattice [2]. The separation of the two partials is that their resu 


Its low 
governed by an equilibrium between their mutual tion diagram, the line 


par ked struct 


repulsions and the attractive force resulting from close 
the surface energy of the stacking fault. In cubic Some explorator’ 
close-packed metals the lamella of stacking fault for a specified deformatiot 


IN Tesistivit 


associated with an edge dislocation has the hexagonal increase 


stacking sequence, and so large stacking faultsare cent nickel was markedh 


LQ) per cent 


| 


to be expected when the difference in energy between ontaining 
The present work h id as it 


the cubic and hexagonal torms of packing is small 
Unfortunately it is not easily possible to evaluate investigation of the effect 
this difference for any particular metal or alloy _ resistivity of some cobalt-n 
with any certainty, but in some alloy systems where , 
a cubic phase transforms directly to a hexagonal one, 2. Experimental 


it is possible to infer that the size of stacking faults i) .Wateria 


Che allovs used were kindly dona 


Received January 20, 1953 Nickel Co. Ltd.: their full analvses have beet 
tDepartment of Metallurgy, University of Birmingham 

tInstitute for the Study of Metals, University of Chicago 


in a paper concerned with the lattice par 
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] 


of binary cobalt-nickel alloys |. lable | gives the 


designation of the allovs, their nickel contents, 


transformation 


cording to Hess and Barrett [3]. 


ind approximate temperatures ac- 


rABLE | 


lransformatio1 


1 temp. 


KOO 
KON 
[he allovs were hot-rolled to t-in. dia. rod trom 
>in. dia. round bar and thereafter cold-drawn with 


intermediate anneals to 1-in. dia. wire, at which 


size resistivity studies were commenced. 
The Resistivit 
The resistivities of the allovs used in this investi- 
KSE, 10.9; KOO, 10.4; KON, 
centimetres at 25°C, determined 
1,000°C followed by 


rapid cooling. These correspond fairly well with the 


y of Annealed Alloys 


cation were: and 


10.8 micro-ohm 


after prolonged annealing at 


results given by Bozorth [5] for commercial alloys. 


However, as Bozorth has drawn attention to the 


large discrepancies between published values of the 
resistivities of cobalt-nickel allovs, the possibility 


Or 


of the existence of long-range order in the 75/25- 
composition region was recognized and to investi- 
gate this, resistance measurements were made on 
the allovs in the temperature range 0 to 1,000°C. 
Heating and cooling were carried out in an ar 
200°C /hour. 


In spite of variations in this rate and prolonged heat 


atmosphere, generally at a rate of 


treatments at high temperature, there appeared no 
the 


unusual features in resistance-temperature 


curves other than the changes ol slope assot lated 


with the Curie each allov. Up to 


temperature ol 
these temperatures, the resistance-temperature cur- 


ves of the alloys were parallel, and it was thus 


established that the room-temperature minimum in 


resistivity around 30 per cent nickel was not simply 


low-temperature anomaly. Further, the results 


that any ordering must be extremely 


showed 


sluggish in annealed alloys and could almost 


certainly be eliminated by rapid cooling from a high 
temperature. However, it was later found that when 
the allovs were annealed at 600°C after heavy 
resistivities were significantly 
than 1,000°C. 


The differences were about 4 per cent for KON and 


deformation, their 


lower when thev were annealed at 
KOO and about 7 per cent for KSE. These results 
suggest that ordering may occur at the composition 


corresponding to Co;Ni; the establishment of order 


ALLURGICA, 
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may be assisted if recrystallization is carried out 
at a temperature a little below the critical tempera- 


ture for ordering. 
(iii) Deformation by Wire-drawing 

In order to avoid the possible complication of a 
resistivity change during deformation due to the 
destruction of any order which might result from a 
low-temperature anneal, the standard annealing 
treatment adopted for all wires was that of heating 
in argon for two hours at 1,000°C followed by rapid 
cooling (~ 50°C/sec) to room temperature. In 
determining fractional changes in resistivity due to 
wire-drawing, a major source of error is in the 
measurement of wire diameters. This difficulty was 
avoided by re-annealing the wires after deformation 
and assuming that the fractional change in resistiv- 
itv on drawing, Ap/p, was equal to the change in 
resistance on re-annealing relative to the resistance 
of the re-annealed wire. 

A series of experiments was carried out in which 
100°C, 


tungsten carbide dies. The rate of drawing 


wires of each alloy were drawn at 0° and 


using 


was never greater than 10 cm./min., and during 


the die in immersed in a well- 
bath 


temperature. The results obtained for the reduction 


drawing use was 


stirred water maintained at the required 


from 0.072-in. to 0.063-in. dia. are shown in Figure 1. 


deformation o1 the electrical 
Data for nickel from 
area (by wire drawing) 


FiGt RE l. The effect of 


resistivity of cobalt-nic kel alloys. 


reduction of 


ference 2507 
orc: O, 
In this case the wires were all coated with ‘‘Aquadag”’ 
before drawing to ensure comparable lubrication in 
the die. The results for three other reductions were 
all similar in that a very pronounced maximum of 
increase in resistivity was found at the composition 
KOO 
temperature of 20°C. Wires of this alloy were also 


of the alloy which has a_ transformation 


\lloy Nickel (wt 
KSI 25.9 ~ 235 
I\ 
a | 
\ 
= \\ 
© \ 
ce 
¢ hy 
‘ ~ 
~ 
~ 
~ 


BROOM 


BARRETT: 
drawn at 28° and 50°C with the results shown in 
Figure 2. 
(iv) Deformation by Extension 

In order to investigate the increase of resistivity 


for small deformations, the re-annealed wires from 


1 
50 100 
Temperature (°C.) 
FIGURE 2. ‘The effect of temperature of deformation on 


the resistivity of the alloy KOO (31% Ni; transformatio 
temperature~ 20°C).35% reduction of area (by wire drawing) 


ut 


x 
=> 


Ww 


Increase in Resistivity 


10 20 30 40 
Extension (Percent) 


FiGuRE 3. ‘The effect of temperature of extension on thi 
resistivity of KSE (26% Ni; transformation temp. ~ 235°C) ; 
KOO (31% Ni, transformation temp.~ 20°C); and KON 
(41% Ni, no transformation). 

@ KSE 16°C O KOO 0°C x KON 19°C 
90 16 90 
50 
90 
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the wire-drawing experiments were extended at 


various temperatures. All resistance measurements 


were made at 25°C, the wires being removed from 


the straining device for this purpose. Relative 


resistivity changes were calculated from the mea- 


The se 


room- 


surements of resistance and _ extension. 


results are shown in Figure 3. During the 


temperature extensions, data were collected which 


enabled the stress-strain curves of the materials to 
be drawn (Figure 4 
X-ray Diffraction Data 


Debve-Scherrer drawn and etched 


wires of the alloy KOO showed a few faint lines due 


patterns ol 


to the hexagonal structure when the deformation was 
carried out at 20°C or lower, and none when wires 
at 28°C or higher 


were drawn Chis is in full accord 


es (room 


KSI 


temperature 
KON; KOO 


with the results of Hess and Barrett [3] With the 


byect of ittempting to use Paterson’s analysis 0} 
of the effect of sta king fault n diffraction 


terns, some measurements were made on 


etched-wire specimens, 
Phillips 


analvsis predic ts, in addition to 


obtained using 
The 


“fault broadening,’ 


radiation, and a {6-cm. camera 


powder patte rm 


200 


shifts of the diffraction 
Thus, 

and (222 
111) and 


density of 


the observed Brage lines from 


planes should de rease, and those Irom 


220) planes should increase when the 


deformation faults increases. In the 


present experiments, the positions of the peaks of 


high-angle lines could not be measured accuratel\ 


owing to their great widths, and in any case results 


for them are difficult to interpret owing 


necessitv for allowing tor the separation of the lines 


due to es and ies \ttention was therefore con- 


the lines from the 


centrated on the 
111) and (200 
Table II. 


separation Ol 


planes. The data are presented in 


= 
| 
© 
> 
> 
| 
& 6+ 
} 
w 
6C 
AC ‘al 
«ter 
| ‘ 
/ 
f Log. Strain (in 2/! 
| 
FIGURE 4. Stress-st CUr\ 
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> ZA 
| 
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3. Discussion 


[he results confirm previous evidence |] the 


importance ol l aul altec ting the 


Im some 


shown in Figure 1, where 


~ 


the maximum increase in resistivitv Is given at 


Ol sta king faults 


omposition where densit 
1 be 


room 
ol the 


expected to be eTea LOr deformations it 


temperature. The the 
KON (no transformation 


KOO detormed 


Comparison Ol 
lloy 


the 


ibove its transformation temperature) can 


rade with confidence, as under these conditions 


1 


vs remain cubic. However, caution must be 


sed in inter] 


IKKSE, which tr 


rreting the increases given by the 


nsforms to give an ipprer iable 
roportion ot hex ion il phase, is the resistivity of 
ibic structure relative to that ot the hex gon i 

anisotropy of resistivity in the 
inference 
reater fault nsity in KON is 


X-ray Table II, 


the relative positions of lines from 


ire both unknown. The 
KOO than in 
confirmed data given in 
hich show 

ind (200 atfected by 
KOO and not in KON. The 


the 


planes were certainly 
ion in the illoy 
ive evaluation of fault density by 
of Paterson [6] is complicated, owing to 
iper-position of effects due to particle size and 
broadening, and has not 


X-r 1\ 


illoy 


been attempted. 


observation that faults are present in a 


deformed above its transformation 
temperature has not previously been made although 
Hess and Barrett [3] searched for such faults by 
means of an oscillating-crystal technique. On theoret- 
ical grounds, deformation faults of appreciable size 
can be exper ted at temperatures slightly above the 
transformation temperature. The repulsion between 
the two partial dislocations in an extended disloca- 


tion varies inversely as the distance between them, 


RGICA 


VOI 
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and if the energy ol the stac king fault relative to 
that of the lattice decreases steadily as the tempera- 
ture is lowered (as is presumably the case for the 
cubic phase), there comes a point when the separa- 
effec- 


tively independent, and the size of the fault will no 


tion of the partials is sO large that they are 


longer depend on an equilibrium between the repul- 
sion of the partials ind the attractive force due to 


enerey difference 


It is possibly for this reason tha 


there is only a very broad maximum of increase in 


resistivity ior a civen detormation carried out at 


various temperatures in a range which included the 


transformation temperature. Indeed, the results in 
no significant differences in increase 


KOO 


Figure 3 show 


in resistivity for wires of detormed up to 
1) per cent extension in the range 16° to 90% 

The etfects of pure extension and otf wire-drawing 
are obviously comparable in the case ot the allovs 
KOO and KON. However. 


gives a very rapid initial increase in resistivity. This 


| igure 3 shows that KSE 


allov transforms to hexagonal cubic when deform- 


ed at temperatures below 235°C. The rapid increase 
is interpreted as due to the creation of large numbers 
which are necessary for the 


ol stacking faults 


accomplishment of transformation. At greater de- 
formations the proportion of hexagonal to cubic may 
become constant (as discussed below ind then the 
feature controlling the increase in resistivity may, 
as before, be the size of stat king faults, which would 
KOO. Thus the 


deformation 


be expected to be smaller than in 


rate of increase of resistivity with 


decreases, and tor large deformations (Figure 1) the 


increase for KSE is less than that for KOO. 


The stress-strain curves (Figure 4+) are of interest 
in this connection. That of KSE is much higher than 
that ol ) or KON 


able work-hardening and pile-up of dislocations in 


and this suggests consider- 
the two-phase alloy. It is probable that pile-up Ol 
dislocations due to crossing slip and to boundaries 
of phases is much more rare in the hexagonal phase 
than in the cubic. The accumulation of dislocations 
in the cubic phase will interfere with the particular 
dislocation movements necessary tor transformation 
and so will prevent complete conversion to hexagonal. 
Hess and Barrett, writing of their experiments [3], 
have commented on the difficulty of conversion from 
cubic to hexagonal and on the ease of reversion. 
From the present viewpoint, the ease of reversion is 
accounted for by the reasonable assumption that no 
the 


hexagonal phase, so that there is little hindrance to 


great accumulation of dislocations occurs in 


the dislocation movements which accomplish the 


reversion. 
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Finally it should be pointed out that, although of the investigation which was carried o 


it has been suggested that stacking faults are the Department of Metallurgy, University of 


direct cause of a high increase in resistivity by reason ham 
of their effect on the conduction electrons, it is 
possible that they influence the resistivity simpl\ References 
because they can act, during deformation, iS Broom, J Pro 
generators of other lattice defects such as vacancies, 2. HEIDENREICH, 
interstitials, and sessile dislocations. Strength Solid 
3. Hess, J. B.a 
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INFLUENCE OF STRESS ON MARTENSITE NUCLEATION* 


FISHER and D. TURNBULL? 


tresses produced by plastic deformation and by prior transformation are known to stimulate 
formation of austenite to martensite. Recent experiments have also revealed the quantitative 
mogeneous tensile and compressive stresses. In this report the previously developed theory 
tion is extended to include the influence of external stresses. It is found that there 

» to the volume change in the transformation and due to the shear associated 

ts combine idditively to alter the ( hange in volume Iree energy associated with 

Quantitative predictions of the influence of simple tensile and compressive 

mperature at which the martensite transformation begins in carbon steels are in 

t with the experiments of Kulin, Cohen, and Averbach. The importance of stresses 
deformation, by prior transformation, and by the presence of a few dislocations 


discussed qualitative ly 


L*INFLUENCE DE TENSIONS SUR LA GERMINATION DE LA MARTENSITI 
rol l le pat les tensions prod tes pat la déformatio1 plastique et par les trans- 


trans 10 de l’austenite en martensite, est bien connu. De 


\ 
la th le germination de la martensite, développée antérieurement, 


antitatif des tensions homogénes d’e xtensio et de 


prol 
prot 


de influence d ‘nsions externes. Il a été constaté, qu’il \ 


] 


i changement volume, qu’au cisaillement associé a ce dernier 
iodifier le chang nit ‘énergie libre vol imique associé a cette 


evi titatives concernant nfluence des tei sions simples d’extensio et de 
la temper! iture a laq ielle commence la transtormatiol martensitique dans des 
s'accordent assez bien avec les résultats des expériences de Kulin, Cohen et Aver 
ce des tensions produites par la déformation plastiq le, pal des transformations 


ir la présence de quelques dislocations dat ustenite recuite, est discutée 


EINFLUSS VON SPANNUNGEN AUF DIE MARTENSITBILDUNG 


t dass Spal ingen, die von { n friiheren Trans- 

riihren, die Transformation von Austenit zu Martensit erleichter Neue Versuche 

itiven Effekt von homogenen Zug- und Druckspannungen gezeigt 

it wird die friiher ver6éffentlichte Theorie der Martensitbildung weiter 

influ von dausseren Spannungen einzubeziehen. Es wurde gefunden, dass 

Volumenanderung bei der Umwandlung als auch der damit verbundene 

Beide Effekte tragen additive zur Modifizierung der mit der Umwandlung 

Al der frei Ene rgie bei Quantitative Vora issagel des Einflusses einfacher 

ickspannungen auf die Temperatur, bei der in kohlenstoffhaltigen Stahlen die Umwand- 

tensit beginnt, stehen in zufriedenstellender Ubereinstimmung mit Versuchen von 

1 Averbach. Die Wichtigkeit von Spannungen die durch plastische Verformung, 

de Umwandlungen oder durch das Vorhandensein einiger Versetzungen in gegliih- 
werden kénnen, wird qualitativ diskutiert 


Stresses will influence martensite nucleation in in a direction normal to the habit plane, or plane of 
two ways. First, because there is a volume expansion — the lens. The work expended in pushing against the 
ussociated with the transformation, the difference in stress o, is — o, Av per unit volume of martensite, 
volume free energy between austenite and marten- where go, is negative for compression and where 
site will be altered by tensile and compressive Av is the volume change associated with the trans- 
stresses. Second, because there is a shear associated formation of a unit volume of austenite to marten- 
with the transformation, the strain energy of _ site. ¢, is the only tensile or compressive stress that 
nucleus formation will be altered by shear stresses. has an influence upon Af,, for the entire volume 

expansion takes place in the direction of op. 


Theory 


Let Af, be the volume free energy difference ted with a shear stress. The only shear stress com- 


Consider next the change in strain energy associa- 


between martensite and austenite. Consider first the ponent of interest is the one that aids the martensite 
change in Af, associated with the presence of a_ shear. It will be designated by 7,,. 
stress ¢, normal to the habit plane of the nucleus. Assume tor simplicity that the austenite surround- 
Martensite nuclei are lenticular in shape [1], and ing a martensite plate of radius 7 and thickness ¢ is 
for this reason most of the volume expansion occurs — strained uniformly by the formation of the marten- 
—-— - site plate throughout a spherical volume of radius r. 
The mean strain associated with the formation of 


Schenectady, New York, U.S.A. the plate will be 
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where @ is the martensite shear angle, 6-3¢ is the 


tangential displacement of the austenite at the 
surface of the martensite plate, and the ratio of 
6t/2 to r is the mean shear strain. 

In the presence of a stress 7,,, there will have been 
a strain 

G 

already present in the austenite. The negative sign 
is required for those habit planes for which the 
The 


present 


martensite is aided. net strain, 


that 


formation of 


being the sum of alread, and that 


introduced by transformation, is 
= 
The energy per unit volume is 
E, = 4Ge 


and the total strain energy is 


Actually, we are concerned with the energy change 


on forming a martensite plate. The energy in a 


volume of austenite of radius r before transformation 


IS 

= (4rr° Ge) 
and the change of energy on forming a martensite 
plate is 


AE — Eo 


(2ar°G/3) | (0t/2r — 
(G0 /6) art’ — (47,,60/3) art 
The strain energy associated with the formation 
of a martensite plate is seen to be made up of two 
The that 
deduced for martensite forming in unstressed 
[1]. The 


the stress 1S 


terms. first, is previously 


(47,,0/3)arr7t/2, 1s 


the 


austenite second, — 


zero when zero, is zero when 
martensite shear angle @ is zero, and is proportional 
to the volume of the martensite plate #r*t/2. The 
second term therefore affects the energy of formation 
of a martensite plate as though it were a modification 
of the volume free energy. 

The 


plate in stressed austenite now can be written 


free energy of formation of a martensite 


(Afro At 


+ (G60 /6) 


where A/,, is the volume tree energy change accom- 
panying transformation in the absence of stress. 


MARTI 


NSITE NUCLEATION 


The energy of formation of a criti 
W* 


8192 /6)4 


and the volume of a critical size nucleus 1 


A tr,,@ 


Estimate of the Influence of Stress upon J/, 


In iron-carbon allovs, as one limit, martensite 


nue leation occurs at the sites ol low il composition 


condition tor a given 


equal the volume ot the depleted 


fluctuations; the nucleation 


site being th wy 


region [1]. In iron-nickel allovs, as the limit, 


martensite nucleation occurs more or less homo 


ceneously, at i stead ite } is proportion 7 to 


exp W* /k7 
that V 


event, the 


criteria are constant, tor the 


\J, temperature in an alloy is that temperature at 


which an appreciable number of athermal marten- 


site nuclei have formed during cooling, or at which 


the rate of isothermal martensite nucleation becomes 


significant. Taking account of the forms IV* and V* 


as civen above, the \/. criteria reduce to 


Af, = const (for athermal martensite 


const (for isothermal martensite 


A = A Tn lat 


In the discussion, onl ithermal 


subsequent 


martensite will be considered. If the temperature ts 


Al, Af. al hange an 


changed by amount 


A( Aj OAf,/ AT )AT )Al 


other hand, inti ict the stresses 
also ch inges Af,1 | . lue 


ibsenc e ol 


On the 


n the 


and r 
stress by 
Che total ch 


A} ind A(A/ 


Wf. criterion ithermal martensite 


0, the above equation can be solved for 


AM AT, iated with the 


the change in V/ 


stresses oa, and r 


1. 4; : a7 


Comparison with Experiment 


is possible to estimate 


From the above equation, it 


the changes in ./, temperature corresponding to 


NB ULL: 311 
3 
(3) V* 
G. 
TOL. 
953 
| 
1) 
| 
\ 
umount A(A 
inge in A s the sum ot 
A ( 
A(Af 
A(A 
2 5) AM 
(1) W = 2ary + (27rt/2) — 47,,0/3 
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various stress state Consider 


Ss. a hydrostatic 
pressure p. The normal then is 


stress 


(). 


Oo 


} 
) 


M 


ind the shear stress is 7 


The change in 


is 


AM Av /(dAf,./ 


For the steel investigated by 


\verbach oA oT 3 neighborhood 
V7 can be calculated | 


IKulin, ind 


ol 


( ohen, 
n the 
at to be 


al 0.90 cal mole °C 


The relative volume cha 


At 0.04. 


For a 


the change 


of 1000 atmospheres (10° dynes, cm 
in .\/, then 


AM 


Consider next simple tension or compression. 


ere the value of \/. varies trom plane to plane as 
H tl f Al f pl to pl 
the nd ir’ 


In such Cases which VW 1S raised 


values of o ne planes of interest 
ire those for 


the 


site 


the 


most or depressed least lor is on such 


planes that marten first begins to form at an 
ippret iable rate 


Che problem, then, is to find the 


plane for which oa, Av 4 


Let 


1s 


maximum. 
the normal to the plane in question make 


@ with the ax { tension le normal 


an 


STress 


Cc 


Square 


OCOS O. 


iscrew dislocation with Burgers vector b is Gd /2 


TT 
} 101 
where 


com- r 
ol 
ind \verbach, 


pression 


For 


tne 


Cohen, 


lor compression. 


idea can be put in quantitative form by me 


theory 


metal. 
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The corresponding changes in 

15,000 psi are 
AM 
AM 


M. tor of 


stresses 


for tension, 


= 17.5°C tor compression. 
hese values are compared with experiment in the 


table. 


rABLE 


COMPARISON OF CALCULATED AND EXPERIMENTAI 


VARIATIONS OF JJ, WITH STRESS 


Calculated 


Measured [3 


kor both tension and compression, the calculated 
AM P 


ol that in 
tension or compression only a fraction of the possible 
martensite habit planes and sh 


exceeds the experimental by about 8°C. 


this difference may be due to the fact 


ear directions lie in 
the most favorable orientation, so that the density 
of effective nuclei has been dec reased: a tactor that 


was neglected in the calculation.* 


Influence of Plastic Deformation 
Transformation 


and Prior 


It has been pointed out that elastic distortion 


resulting trom dislocations, plastic deformation, and 


prior transformation will tend to favor further 


5|. This 


ins ot the 


-ansformation in the distorted regions |1: 


developed above. 
lhe 


from place 


STresses a 


to place in l 


plastic deformed material 


manner that is not 
to compute. On the other hand, the mean stress 


p! al 
ilculations 


ly deformed metal can be estimated. 


based 


Paylor 


of stored enereg 


upon ind S 


Quinne\ 
isurements 
10 


iggest that there 
ibo 11 disloc ation lines passing through ear h 
centimeter of 


Phe 


ssuming 


i heavily 
ol 


in 


( old-work« d 


mea 


spacing these dislo« 


ations, 
them be 


to spaced 


Since the shear 


at random, is about 


stress at a distance r from 


the 


Gb 


1e mean shear stress due to the presence of 


indom arrav under is about 


( onsideration 


po Ing 
1 
te nuciel are ri 
value AM, for all habit planes 
t with ¢ \ pe riment For 15.000 psi te 
i and 15,000 psi 


ol 


for ompressi 


ACTA METALLI 
La 
- 
OA 
5.3(10)* eres /cm? Stress stat 
Is Pension 25° 17°C 
Compression 
Hydrostatic 
compressio 7.5°¢ 
z= 
n this plane then is ee 
1 
orresponding shearing stress 1s yt 
var\ 
the absolute value of ¢) being taken because marten-_ eas’ 
site ah s will shear in sucl vav that the shear in ee 
ximized is 
9 ire 
a 47,,0/9 ¢ COS QD 
\Iaximizing, 
6) tan 2¢ 19 3Av) oo Sig 
(Sig is, in effect, 
MM the alloy of Kulin, 7! _ We are indebt 
he habit planes « ed 
A 1/6. so that t random. the 
arc tan 5.6 for tension. close agreeme 
- the average AM on 
o arc tan 2.0 the average A.V is 11.5°C 


FISHER anp Tl 


3(10 $5,000. psi. 
corresponding change in /,, according to equation 
5), is AM 120°C, 


accuracy of the equation. The greatest error in this 


dynes/cm? or about 
which is bevond the range ol 


from the assumption 


al 


estimate probably results 


that the 10" dislocations are spaced random. 
More probably, they are spaced in such a way that 
the mean shear stress is considerably reduced, and 
a better estimate probably would find A.\/, consider- 
less than 120°C. 


In an annealed metal there 


ably 


are far tewer disloca- 


tions, perhaps as few as 10° cm*. They are arranged 


in small-angle grain boundaries, minimizing the 


associated strain energy. Even if they were distribu- 


ted at random, the mean stress would produce a 


A\, of only about one degree. Near each individual 


dislocation, however, in a very small fraction of the 


total volume of the metal, the stress rises to an 


appreciable level, being approximately Gd 
from a dislocation with Burgers 


distance 7 SCTEW 


vector b as described above. The value of appro 
priate to the maximum A.\/, is essentially the radius 
ol 10 
ponding 


estimated for the entire volume ol 


a critical size nucleus, 7 ®cm. The corres- 


120"¢ the same as was 


about 


is 
l heavily cold 
worked metal. 


The stresses in the ne ighborhood Ola 


] 


martensite plate probably are equal 


of the austenite, 30.000 


SO 


strength DSI, 
AM 
The 


isolated dislocation, 


cold worked met 


stresses 1n 


and martensite 


1 
1)’ Se VE 


by 


have been shown to 


degrees; perhaps, in extreme cases 


This change in 


LOOPC. results directly fron 
energy ditteren 
rtensit 


ohborhoe (| 


ire 


effective change in the volume 


between martensite in 


nucleation is favored in tl mn 


dislocation, for example, because 


formation of a criti iz 


il 


not bec iuse the disloc; 


Stress ; 
subcritical martensite nucleus 

lf AM 
be possible to account qu 


cold 


martensite 


were computed mort 
intit 


of work and tor the autocat 


the 


1 
insiormation, which 


Ul 


to a most pronounced degree 


Machlin and Cohe1 


menon des ribed by 
The Role of Stress in Heterogeneous 
Nucleation 


It is well known that nuclei for condensation or tor 


ervstallization from the liquid usually form preter 


| he 


MM 
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entially on the surfaces of various fore articles 


composition heterogeneities present in the s\ stem. 


nucleation of this sort is 


B 


draw some lusions 


Heterogeneity -catalyzed 


termed heteregeneous nucleation. ised on the 


theory just outlined, we may 


rel iting to hete rogeneous nut leation of the ma 


transformation. 


site 


the url e ol toreign 


Preferential nucleation o1 


particles is much less likely for martensite than for 


condensation or tor crystallization from ids, 


because | the number of martensite 


LD insiormatl 


quired to effect appre Cl 


to be quite large rel itive to 


particles, particularly wher 


preterent 


size is small, and beca 


of martensite can take place only on 


Ol those composition heterogeneities | 


effective than the ustenite itself 


ng martensite 
theor outh 


ld { 


othet hand 


irtensit iclei shou O! 


gions subjected 


im re 
stresses, iS ) ieighborhood 


or tensile 
dislocation \ 


gh dislor 


cold-work 


lensit 


ition ( 


hese 


t? 
ress 


) 
RNBULI 
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number ol toreien 
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che surlaces 
nm nroamni 
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] ] 
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nerterovgeneo 
: +} lf f f 
| ( 1 ens rive res regi C sTres 
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lor stress relaxation, according to our theory, 
reduces the probability of martensite nucleation. 
It is interesting that a relaxation of stress amounting 
only to 15,000 psi (e.g. — 0.01 cal/cc, or less than 
0.1 per cent of Af 


in the stressed region by 20°C or more. On this basis 


may lower the \/, temperature 


it is expected that stabilization will be more marked 
in previously cold-worked or partially transformed 
fully annealed untransformed 


austenite than in 


austenite. 


Conclusion 


rhe influence of stress upon the transformation 
from austenite to martensite is explained satisfac- 
theory of martensite nucleation. 


torily bv the 


Compressive stress normal to a martensite plate 
lowers the 7, temperature, whereas tensile stress 
normal to the plate and shear stress in the plane of 


the plate both raise M,. The 


deformation are 


residual 


stresses 


produced by plastic sufficient to 


account for the influence of plastic deformation in 


causing transformation above the normal J., 
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and stresses produced by prior martensite transfor- 
mation appear to be sufficient to account for the 
autocatalytic burst phenomenon observed in some 


alloys. A question is raised as to the possible role of 


dislocations in causing some heterogeneous marten- 


site nucleation even in well-annealed austenite. 
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THE ESTIMATION OF DISLOCATION DENSITIES IN METALS 
FROM X-RAY DATA* 


P. GAY, P. B. HIRSCH, and A. KELLY?+ 


Recent work has shown that substructures are formed within the grains of a cold-w 
talline metal. In this paper, methods are described by which the density of the exces 
one sign in’ the boundaries between the particles can be found I 
diffraction photographs. The methods may be extended 
dislocation densities within the particles and the densities in ant 

The results for both cold-worked and annealed metals show 
than the usually accepted values. The discrepancy in the case of the co 
to a different distribution of dislocations in the bound 
X-ray methods; however a strict comparison cant ve made until more 
from other physical measurements. It is shown that the usually a 
density in annealed metals has no theoretical or experimental support 
in some metal crystals may be very much less 


iries which may not | 
| 


UNE ESTIMATION DES DENSITES DES DISLO¢ \TIONS DANS LES METAUX D 
LES DONNEES OBTENUES AU MOYEN DE RAYONS X 


Des travaux récents ont montrés, que lors de l’écrouissage des 

formation d'une sous-structure 

Dans cet article, certaines méthodes sont décri 
l’excés des dislocations d’ In signe donné dans les ] 
obtenues des photographies de diffrac tion des ravo 

Ces méthodes peuvent étre étendues pour permett 
des dislocations au sein de la sous-structure, ainsi qu 

Les résultats obtenus pour les métaux écrouis et 
donnent des valeurs inférieures a celles, qui sont ¢g 
écrouis, la différence peut étre due a une distributior dif 
ne peut pas étre décelée au moven des méthodes exista 
rayons-X; il est, cependant, impossible de faire des compar 
plus sires, provenant d'autres mesures physiques. I] est 
pour la densité des dislocations dans des métaux re 
l’expérience, et que la densité des dislocations peut, d 
coup inférieure a ces valeurs 


DIE ABSCHATZUNG. DER VERSETZUNGSDICHTE. IN 
RONTGENOGRAPHISCHEN DATEN 


Neuere ntersuch Ingel haber gezeigt, dass erhalb det Kr st il 
Metals ‘‘Mosaikblécke”’ entstehen; in der vorliegenden Arbeit werder 
Hilfe derer die Dic hte der iiberzahlige Verse tzunge es Vorzei he 
den Mosaikblécken auf Grund von Réntgenfeinstrukturdaten gefunde 
kénnen auf die Abschatzungen der Dichte der iiberza 1 det 


der Mosaikblé« ke ind der Versetzungsdi hte Il regliiht Me talle aus 


Csdalll 


Die Ergebnisse sowohl fiir kaltbearbeitete als auch iihte Metalle ze 1g 
Schatzungen geringer als die iiblicherweise angenon Werte sit 

der kaltbearbeiteten Metalle kénnte auf eine inder rteilu g der 
grenzen zurtickzufiihren sein, die mit den heutige 

strenger Vergleich kann jedoch solange nicht angestellt werden, als 
anderen physikalischen Messungen zur Verfiigung stel Es wird ge 

Werte der Versetzungsdichte von gegliihten Metallen weder theoretisch 
ist, und dass die Versetzu esdichte elniger egliihter Metall I I 


enmethode 


cold-worked metals, respet tively he 


on the validit ol ti 


1. Introduction 


these values is dependent 


Estimates of the dislocation densities in annealed _ theoretical interpretati v which they have been 
and cold-worked metals are based on the theoretical derived; nevertheless, in the absence of any reliable 
interpretation of experimental measurements of the experimental method of determination, they have 
vield stress in metals [1], on the energy stored within become generally acc epted lus papel describes a 
metals after cold-work [2], and on magnetic measure- method by which it is possible to derive approximate 
ments [3]. The values derived are of the order of | values from X-ray data; the results ob 
10° dislocation lines per sq. cm. and dislocation this method are significantly different from the 
lines per sq. cm., for the annealed and severely, iccepted values. The discrepancy may be accounted 


- for by assuming the existence of particular distri- 
*Received December 22, 1952 
Crystallographic Laboratory, Cavendish Laboratory 
Cambridge, England. X-rav methods, but it is clear that a re-examination 
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butions of dislocations which cannot be detected by 
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METALLI 


f the data on which the original estimates are based 


is necessary before final conclusions may be drawn. 


It is found experimentally that on cold-working a 


metal the sharp diffraction spots obtained on X-ray 


photographs of annealed polycrystalline material 


into arcs around the Debve Scherrer rings 
material within the original 
ol cold- 


these misorientations greater 


thus the 


erains covers a1 orientations atter 


inge 


work. Usually are tar 


than those whi h ( ould reasonably be expec ted if the 
original grains were thought to be purely elastically 


bent (the maximum possible value of the elastic 


curvature can be obtained from the broadening of 


arcs [8]). It has been concluded therefore that 


grains are plastically bent atte the deformation, 


i.e. they may be regarded as containing an excess of 


ations of one si Che amount of curvature is 


disle 


related to 


on 
the number of excess dislocations within 


the grain ind may thus be used to estimate the 


dislocation density. It is on this principle that the 


methods desi ribed in this paper are based 


2. The Methods of Estimation 


ites of dislocation densit- 


derived in ditferent wavs 
tal conditions, re ill based 
paragraph. Let 


ol ks oO! 


her bv single 
number ot 

tne 


Dr) is 


there is 


1] 
thus 


rticl 
Cif 


Howe ver the 


icles defined by the 


lensit\ the: 


deduced from the X-1 


conveniently 


cs 


round the 


ire resolved Into spots; 


ates ol bot} 


not resolved, some 


whe re the ircs are 


the densities ma‘ be derived. It is 


two types oO! case: 


Ari 


tion 


rom such photographs, the particle size, may 


be found by the method of counting spots [5]; the 


smallest values ol 4 which can be detected ire 
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~ 10-4 cm. using fine-beam back-retlexion methods, 
LO 


microbeam-trans- 


and considerably smaller (down to ~ °cm. in 


favourable circumstances) using 


mission methods |6]. 


The magnitude of a cannot be determined directly. 
From the lengths of the arcs into which the spots 
are clustered on the X-ray photographs it is possible 


to determine the total angle @ over which the 


material within an original grain is misorientated. 


The 


particles in 


angular misorientation a between adjacent 
the original grain is dependent on the 
manner in which the particles are arranged within the 
orain. [wo limiting conditions may be distinguished: 

i) It can be assumed that the grain is uniformly, 
bent. In this case a t/T)8, where 7 is the 
original grain size, and thus 

Ds B/sT 

and is independent of the particle size.” 


be 


density in the boundaries, 


Chis must 


considered as a lower limit of the dislocation 


for the value of @ derived 


in this way must be a minimum. The relationship 


mav also be regarded as giving the actual density 


one sign within the grain. 
th it 


excess dislox ations ol 


ii) It can be assumed the particles are 


misorientated about a mean position. In this second 
limit of @ is found. 


limiting assumption, an 


lhe 


particles and the total angular misorientations may 


uppel 
relation connecting the mean angle between the 
be derived in the following way. Let it be assumed 
the 


position in the form of a Gaussian distribution. 


the mean 
Chen 


the probability of the occurrence of a particle at an 


that particles are distributed about 


le 6 from the mean position is proportional to 


dé; similarly for a neighbouring particle to 
the 
probabil- 


for both partic les to be simultaneously 


occur at an angle @ from the mean position, 


is proportional TO € ‘ ao 


probability 


at angles 


6 and @ from the mean position is_ theretore 


the probability ol 
ad- 


Hence the mean value of the 


dé 


this represents 


the occurrence Oi an angele @ between the 


part icles. 


jacent 


between particles for such a _ distribution 


written 


yuld be ote t tl ‘nt ray beam does not 
. 
verlap completel a ri lal gral e.g., when using a 


xamine ns of 
replaced by the 


these circumstances 


grain 
the beam 


the original 


specime Coarse original 


dimensio1 s ol 


not all of 
patter 


diameter, sin 
gral is CO iting to the diffraction 


spread 
he 
ne 
+] 
The quantitative est 
es, although they may bt 
14 nt owe 
inadaer ad ere expel Cll 
I Tne considerations set 
s suppose that the material consists ll 
S1Z¢ re sep eq Cach O 
spacing of dislocations in the walls. th 
| At, since, on the average, 
ngle (a) between the two pai 
( ries 1S provided ais sn 
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ne hHurgers vec Or, SO 
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The relationship mav be most mav b 
T)] eq to photographs in whicn ne are 
Debye-Scherrer rings trom 
such photographs sa and ¢ can be 
onvenient tO trCal 


GAY, HIRSCH Kk \ TION DI 


After reduction of this expression with the aid of lues of @ and D» wl 


ire 


standard forms, the remaining integral can be metric mean of the limiting values 


evaluated graphically. It is found that the mean may be considered to be accu 


angle between particles is of about two or three i t ca he method 
a = 0.368 8/3 vields the most consistent 
(In this treatment, the measured angular spread 8 grain size (or the beam 
of the particles in the original grain is identified with then the limiting values are 
the half-width of the Gaussian distribution curve Che values of Dz, obtained in 
Phus estimates of excess disloca 
Des B 3st boundaries between the cold-work 


In eeneral Qa, and hence Da, will lie between the the boundaries ire found to be distorted, 


ind cannot 


two limits discussed above. By caretul examin ition theretore be considered gIe W ills of disloc itions 


of the X-ray photographs it is possible in some cases _ hence it is possible that, in addition, equal numbers 


to determine which of the two limiting assumptions of dislocations of the vpe and of opposit 


about the distribution of the particles within the sign together with other types of dislocat 


re pes ol itions cal 


grains is more nearly correct. For example, in alu- coexist in the boundaries. The presence of sucl 


minium it is frequently observed that neighbouring dislocations cannot be estimated by X methods 


diffraction spots are linked by a wavy continuous From an examination of X-ray photographs take 
background [5]; thus neighbouring diffraction spots some time after deformation, it found, for 
arise from reflexions from neighbouring regions of the minium and the softer met 

grain, and so locally the metal has a structure’ effects due to the distorted 
approximating to that of the first assumption. gradually disappear 
In Table I, values of Dz are given tforanumber ot dislocations 1 
different metals calculated from the same experi- strain energy 
mental data for both models; it is seen that the ny) annihilate e 
ditference between the two values is not usuall) dislocations of one sig1 


prohibitively large. Also included in this table are therefore, the bound 


liameter 
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and it is likely that they are formed by single walls 
of edge or screw dislocations. During recovery the 
angles between the particles do not change apprec- 
iably [10], so that the estimates given in Table | 
are of the total density of dislocations in the boun- 
daries after recovery has taken place. 

In addition to the dislocations in the boundaries, 
it is possible that there are dislocations within the 
particles. The distinction between a particle and a 
boundary region lies in the fact that the curvature 
across a particle is less than that across a boundary ; 
thus the density of excess dislocations of one sign 
must be lower in the particles than in the boundaries. 
If the curvature of the particle may be estimated, 
an upper limit of the excess density may be calcula- 


maximum total 


ted urther, it is possible to estimate the 


density of dislocations inside the 
particles; the method emploved is described in the 


next section. 


cation to Continuous Diffraction Ar S 


Apt 


When the diffraction arcs are unresolved, i? 


cannot be determined unambiguously; usually 


limits may be assigned within which the particle 
size must lie [6]. As before it is convenient to discuss 
the two limiting models. 

When the grain is uniformly bent, the density 
of excess dislocations of one sign is again given by 
B/sT. 


be determined without knowledge of 


Thus the excess density of dislocations may 


ii) In the second case, a may be put equal to 


38,3 as before: now, however, two limits for the 


density are obtained, corresponding to the upper and 
lower limits of particle size. If the lower limit ot ¢ 
ast ribing the whole of the observed 
effect 


is obtained by 
ine broadening to a small-particle-size 


the 
from the two models are often widely different, and 


calculated values of dislocation densities 


the actual density is uncertain. Results 


obtained by applying this treatment to back- 


reflexion photographs of copper and nickel are 


given in Table II. More recent results, using micro- 


beam-transmission methods which enable a value of 
t to be found, have shown that the true excess density 


(cf. Table I) 


A special application of this method can be used 


in copper is near to the lower limit 


to determine the total density of dislocations in 
particles. The upper limit of the total dislocation 
density may be found if it is assumed that there is a 
dislocations within the 


random distribution of 


particles; these dislocations are arranged to form 
subsidiary mosaics, each one of which is defined by 


a single dislocation. The dislocations are spaced at 
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distance / apart. In the limiting case a = 


before, where 8 now corresponds to the angular 
spread of the reflexion from the particle due to the 
mosaic structure; estimates of 8 can therefore be 
obtained from the observed widths of the diffraction 


spots by methods described elsewhere [8]. As before 


rABLE I] 


CALCULATION OF DISLOCATION DENSITIES FROM CONTINUOUS 


DIFFRACTION ARCS FOR THE METALS COPPER AND NICKEL 


Copper Nickel 


Deformation (“, of origina 
thickness 14 
Misorientation within original 
‘ain (B 
nsitv of excess dislocations 
f one sign in boundaries 
ines/sq. cm. 
Model ( x 10° 
Model (ii 2 5 X 10% 


a = s h,so that the upper limit of the total disloca- 
tion density is given by 1/h? = 6?/9s?. Some values 


of the maximum total density in the particles 
derived in this way are given in Table I. It is seen 
that the total density in the particles is, at the most, 
of the same order of magnitude as the density in the 
boundaries. It must be noted that values of 8 
derived from spot-shape measurement are generally 
too large; it is possible that an appreciable contribu- 
tion to the measured spot width is made by elastic 
distortion of the particles or their small size, in 
addition to the contribution due to plastic curvature. 

A simple extension of these arguments may be 
applied to reflexions from annealed metals; some 
values of the dislocation densities obtained are given 
in Table III. the 


Estimates of 8 were made by 


rABLE III 


MAXIMUM VALUE OF DISLOCATION 


DENSITIES IN ANNEALED METALS 


CALCULATIONS OF THI 


Upper limit of 
Range of misorien- dislocation density 
tation within grain lines /sq. cm 
\luminium 3 108 
\luminium 
& Tennevin 30” 5 X 108 
9 107 


Guinier 


Copper 


measurement of the shapes of diffraction spots on 
microbeam back-reflexion photographs of annealed 
metals. A the data of 
Guinier and Tennevin [12] is also included in this 
table. 


value obtained by using 


= ACTA METALLI 
= 3 as 
— 
here 
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3. Discussion 


The results which have been obtained using these 
methods indicate that there are more dislocations in 
the boundaries than in the particles. In this work 
that the 
particles are randomly arranged; if a regular array of 
Taylor [1] 
existed within the particles, these might 
the X-ray 


present, the existence of such an array is thought to 


it has been assumed the dislocations in 
dislocations of the type described by 
not be 
detected by methods employed. At 
be physically unlikely, and it seems probable that 
the results of the present work are valid. 

Further, it has been shown that the density of 
dislocations within a heavily worked metal is 
generally less than the usually accepted value of 10!” 
dislocation lines/sq.cm. It is possible that the dis- 
crepancy is due to the presence in the boundaries 
both of equal numbers of dislocations of the same 
type and of opposite signs, and of other types of 
dislocations. For example, according to the model of 
the cold-worked state proposed elsewhere [10], the 
boundaries between the particles are the slip bands. 
Each slip band contains a large number of screw 
and edge dislocations piled up against a_ barrier. 
The rotation of one particle relative to another is 
then due to the excess of screw dislocations, so that 
the density of dislocations calculated is that of the 
screw dislocations on 


e€XCess the slip bands. In 


addition to these screw dislocations, there will be 


edge dislocations and possibly equal numbers ot 


screw dislocations of either sign, which will cause 
distortion of the boundary and particles, but will 
not cause a rotation. At present no method of 
estimation of such a distribution has been found. 
The validity of the theoretical evidence for the 
figure of 10!? lines/sq.cm. is somewhat uncertain. 


The 


measurements of the energv stored in the metal after 


most acceptable estimate is derived from 


cold-work, for which few results are available 
(13; 14]. More experimental measurements of the 
stored energy in pure metals are needed before a 
proper ¢ omparison of the results of the two methods 
may be made. An important point to be considered 
is that the dislocations are not uniformly distributed 
throughout the cold-worked metal. This result is not 
in agreement with an interpretation by Read and 
Shockley [15] of the results obtained by Warren and 
Averbach [16] on cold-worked a-brass. However, no 
exact comparison is possible because a-brass has not 
vet been examined by the microbeam method. 

The present estimates of dislocation densities in 


annealed metals are also found to be less than the 
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usually accepted value of 10° dislocation lines/sq.cm 


In this case, however, there is no experimental 


evidence in support of this latter value, and the 


hgure of 10° lines ‘sq.cm. seems to have arisen from 
the values of the size of the ‘‘mosaic”’ blocks intro- 
duced by Darwin to explain the intensity of X-ray 
reflexions from imperfect crystals. It must be made 
quite clear that the mosaic block model, employed 
by Darwin, was used only model 
which was most amenable to calculation. A decrease 


bec ause it was the 


of extinction is, in fact, brought about by 


any 
distribution of imperfections. The imperfections in 


natural crystals may vary over a wide range: some 


crystals CH. calcite behave almost as pertect 


crystals, and thus may not contain any dislocations 


Relatively perfect metal crystals have also been 


found; the width of reflexion determined by (suinier 


and Tennevin |12] for an aluminium crystal leads 
to the conclusion that the density in annealed metals 
can, in fact, be very much less than 108 


see Table [1] 


ines m 
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C. GIFKINS and J. W. 


NOTE ON THE FORMATION AND DEVELOPMENT OF CELLS IN 
POLYCRYSTALLINE 


ZINC* 


KELLY? 


VW he ( s de led el ted temperature, has been fo sing 1 ple i 

ron hat the cell s structure develops from surface curvatures. Simple undulations bi 
saw icets and more complex curvatures become many-sided pyramids. Further deformatio 

eases the tilt betweet e facets and often new curvatures ind cells ippeal withi hose id 
res bere ire ilso sol e spec fe res assot iated with the grair bo daries es 
discussed briefly in relat o current theories of the formation of sub-struc es 
NOTE SUR LA FORMATION ET LE DEVELOPPEMENT DE CELLULES DANS DU ZIN(¢ 
POLYCRISTALLIN 

UO do déforme du zim a r température élevée, on co State, ¢ employ int ul terierom 
a i\ ns multiple Ss, que la SOUS-S ict ire cellulaire s¢ développ el partant des « vurbures de s iC 
Les dulations simples devit ent des facettes a dents de scie et les courbures pl is complexe 
deviennent des pyramides a faces multiples. Quand on continue la déformation, la rotation « ( 
les facettes augmente et souvent de nouvelles courbures et cellules ipparaisst t au sein de celles 
étaient déja presentes L’existence de certaines carat téristiq les spec iales, liées aux joi S intergral 
laires 1 aussi été constatée. Ces résultats sont discutés briévement e relation avec les thé 
courantes sur la formation des sous-structures. 

MITTEILUNG UBER DIE ENTSTEHUNG UND AUSBILDUNG VON ZELLEN IN 
POLYKRISTALLINEM ZINK 

I wurde mit Hilfe mn Interferenz-Messungen mit einem ‘“‘multiple-beam” Interferom« 
gefunden, dass sich eine Zell-Feinstruktur aus den Oberflachenkriimmungen am Zin! Idet, w 
lieses bei hGheren Temperaturen verformt wird. Einfache Wellen werden zu zackenartigen Fazet 

d ympliziertere Kriimmunge werden zu vielflachigen Pyramiden. Weitere Verformung ve 
g Sse die Neig ng der izette leinander d hdiufig erscheine le Kriimmunge d Zell 
le bereits vorha de e \usserdem findet ma einige spezielle Ers¢ hei dic iuf Kor 
erenzen zuruckgehen. Diese Ergebnisse werden k ihrer Beziehung zu den gegenwéartige Il he 
ibe die Bild ig ve Fei strukt ¢ dis} tie 

[he technique of multiple-beam interferometry of the facets formed. The amount of slip present in 


has been used to study the formation and develop- 


ment of the cell sub-structure in polycrystalline 


Specimens were prepared and 
by | 


it il 


zinc of high purity. 
Ramsey 
240°C and 
The 


formation 


polished in the manner described 


tension 


200" ¢ 


and deformed rapidly in 


0.25 


al general 
1] 
angularly shaped cells were confirmec 


illustrated 


per ( ver hou 
| 


observations ol Ramse\ on the ol 


1 and extended 


observations, which are 


1-13, 


Except for Figure 7, 


the interferometri 


Figures taken on specimens 


in 
the illus- 


deformed 


trations are in pairs taken at various strains; the 


first of each pair is a photomicrograph obtained using 
the 


very oblique illumination and the second is 


corresponding interferogram from the unsilvered 


suriace 


Zin 


Formation of Pyramids of Cells 


Figures 1—6 show an area at l, 3, and 5 per cent 
extension and illustrate, in grain A, a typical manner 
of cell development to form a many-sided pyramid. 


There is also a tendency to form a pyramid in grain 


B. 


from cells in Figure 6 denote a remarkable flatness 


[he evenly spaced, parallel and straight fringes 
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grains showing the pyramid formation was generally 


small 


Formation of Banded Cells 


\ simpler cell configuration was noted, either be- 


fore straining or at low strains, many grains in 


in 
which slip was usually more marked. The presence 


ot slip betore deformation was presumably the 


result of thermal changes during polishing of the 
anisotropic material. Figure 7 is the interferogram 


ind 3 


of an area before straining, Figures 8-13 are 
micrographs taken at extensions of l. 5, and 10 
per cent. In grain C, Figure 8, it can be seen that 


} 


there is slight shadowing where cusps on the fringes 


in Figure 9 indicate a cell boundary CD. The major 


part of the rest of the erain has developed undula- 


t 


tions transverse to the original slope shown in 


Figure 7; the curvature of these undulations is 


greatest along lines approximately parallel to CD. 
On further deformation the undulations straightened 
out into the saw-tooth alternations of slope seen in 
Figure 11 and the cells, clearly shadowed in Figure 
10, have boundaries approximately at right angles 
to the slip traces. These results are very similar to 
[2] in studying sub-grain 


those found bv Ramse\ 


formation in closely packed deformation bands in 


NG 


if, 
Y 
Yj 
Yy 


q 
Uf = 
\\ Gos YZ 
| 
ty, 
B 9 
3 
\ Y Wy GME: FA —— 
5 
Prate |. Figures 1, 3, and 5—Cell structure at 1, 3, and 5 pr It respective 
Figures 2. 4, and 6—Multiple-beam interferogram ‘rresponding to Figs 3 and 5 (80 


ity 


Mi 
= > 


PLATE I] igure j iterterogram from another area before tensile deformation (60 


\rea shown i i i ll structure at 1, 5, and 10 per cent; very oblique illumination (60 x 
Multiple beam interfer corresponding to Figs ’ and 12 (60 x 


SX 
7 
/ 
WY \ 
C E VOI 
$33 "fi ag 
<> 
10 
12 13 
8, 10), and 12 
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AND 


a later stage, in Figures 12 


tilted 


and 13, 
the 


aluminium. At 
the 
symmetrical alternation of slope with the develop- 


the cells in zinc further and _ lost 
ment of further facets; the curvatures from which the 
latter developed can just be discerned in Figure 11. 

Cells having similar banded form and changes of 
slope to those in grain C were present in grain E, 
but here the curvature and facets are less obvious, 
because the fringes are approximately parallel to the 
cell boundaries; however, the process can be detected 
in the changes of fringe spacing. 

It should be noted that cells can often be seen at 
an earlier stage with oblique illumination than with 
fringes. The present authors believe this to be due 
to a combination of shadowing of undulations and 
the optical paradox first discussed by Burch and 
Stock [3], whereby broad undulations give sharp 
diffraction lines and similar narrow features give 
broad diffraction lines, when focus is not quite sharp. 
On the other hand, fringe patterns accurately record 
changes in height and must be regarded as an 
unambiguous and sensitive method of detecting the 


formation of a boundary. 


The Influence of Grain Boundaries on Cell 
Formation 


It has been noted previously [1] that cells often 


form near grain boundaries at an early stage of 
deformation and that such cells are frequently long 
and narrow with their boundaries parallel to the 
Figures 
l-6 near the boundary between grains A and B 
Figures 8-13. The fringe patterns 


grain boundary. Examples are shown in 


and in grain F, 


that a curvature is introduced into the 


suggest 


surface by ‘“‘drag’’ during relative movement of 


grains, for the slope is greatest near to the boundary. 
that 
related 


Figures 8-11 also show, in grains ( 
cells in neighbouring grains may form in a 


manner. Apparently, curved regions may comprise 


parts of more than one grain and only be modified 


slightly by the presence of a grain boundary. 


It can also be seen that small areas of marked 
curvature or small cells are formed in the complex 
boundaries, such as that between grains A and B in 
Figures 3 and 4; the fringes show that migration 
traces, forming small steps, are also present. Other 
grain boundaries, such as that at the top of grain A, 
migrate to form a series of regular ridges and 


troughs. 
Discussion 
The results may be summarised as follows. At an 


early stage of deformation ( < ] per cent extension 
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the surface becomes curved, the curvature being 


greater in a few well-defined places. These regions are 
often close to erain boundaries. In some grains, 
usually those showing marked slip, regular undula 
tions form. 

\s to whether the curvature is due to polygonisa- 
tion followed later by recrystallisation in situ using 
these terms in the way first proposed by Lacombe 
[4], or by fragmentation followed by stress-recovery 
as suggested by Wood [5], the present results give 


The 


however, that at the st ive shown in erain ae Figures 


no clear indication present authors suggest, 


8 and 9, the lattice mavy be in a state analogous to a 


brick arch, made of very small, irregularly sized 


bricks, with dislocations taking the place (though 


not the function) of the mortar. The curvature is 


greatest at the top of the arch; these suggestions are 


illustrated by a sketch in Figure 14 in which the 


dislocation s indicated 


variation in 
should be 


fringes in Figure 8, 


] 


noted that the ( ile ulated 


the 
30 
On. turthe1 
the dislocations move 
form cells by what has 
under stress”’ 
is therefore set by 


) T 


suggested by Ramsey [2] 1 


anism originally postulated 
facets have tormed, the increased tilt without n 


curvature can be att Ll vement 


dislocations to the cell boundaries 
[he formation of the py1 
to be the result of more complex curvatures whi 
tend to produce shallow domes rather than ridges 
ighs 
In aluminium it has been found that the 


ol cell 


process 


+ 


formation and development is less easy to 


especiall it strains below 


follow metallographically, 


2 
y 
Y 
f 
yi,“ 
y Y Ly 
) 
Y 
FIGURE 14. Schemat representation of lulat 
t elevated tempe! re 
to the pex ot the ir I 
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7-10 The found 
evidence of the formation of cells in bands of similar 


per cent. present authors have 


orientation at 300°C, thus extending the observations 

discussed by Rachinger [8]; it is hoped to publish 

this work shortly. It seems likely that the formation 


of cells from undulations in zinc represents a very 


simple case, because of both the simple curvatures 


and the simpler glide system. 
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KINEMATOGRAPHIE VON GLEITLINIEN AUF AL-EINKRISTALLEN* 
R. BECKER und P. HAASEN}{ 


Es werden kinematographische Beobachtungen des Wachsens vo 
unter konstanter Last beschrieben. Bei einer Film-Aufnahmefrequenz vo 
das Entstehen lichtmikroskopisch sichtbarer Gleitlinien zeitlich aufz 
Es wird beobachtet, wie die Gleitlinien im Laufe der Zeit sowohl i 
werden als auch starker hervortreten: die Gleitstufen werden tiefer. Die 
des Langenwachstums in der Scheitelflache wird zu etwa 107? mm/sek ¢ 
tum der Gleitlinien auf der Scheitelflache wird photometrisch verfolgt 
héchstens mit einer Geschwindigkeit derselben Gréssenordnung verlauft 
einer Linie hat stufenartigen Charakter. Benachbarte Gleitlinien entwicl 

Diese Ergebnisse werden im Versetzungsbild diskutiert. An Hand ei 
sich daraus die maximalen Versetzungsgeschwindigkeite ibschatze 
gegen die Schallgeschwindigkeit. Ausserdem laufen die Schraubenver 
langsamer als die Stufenversetzungen 

\us dem Modell und diesen Versetzu ligsgest hw dig cet 
Kristalls zu erwartenden Wachstumsgeschwindigkeite: 

Chen und Pond diskutiert. 


es, 


CINEMATOGRAPHIC INVESTIGATIONS OF SLIP-LINES ON ALUMINIUM 
CRYSTALS 


Cinematographic observations of the growth of slip-lines « 


are reported. The film speed of 50 frames per second allows the 
of visible (i.e. by means of a light-microscope) slip-lines 
The observations showed how with increasing time the le 
surface increases and how they also become more marked: 
maximum speed of the longitudinal growth in the top-surface was measut 
mm/sec. The increase in depth of the slip-lines in the top-surface was meas 
and it was found that this phenomenon has a maximum speed equal to that of th 
growth. The light-intensity vs. time curve of a slip-line | 1 step-like shape. Neighbor 
develop synchronously 
These results are discussed in terms of the dislocation theory. By means 
maximum speeds of the dislocations can be estimated. They are 
of sound. Furthermore, this picture yields a much slower speed 
for the edge dislocations. From this model and from the above-men 


the speed of propagation of slip-lines to be expected on the side fac 


discussed in connection with observations by Chen and Pond 


CINEMATOGRAPHIQUE DES LIGNES DI 
MONOCRISTAUX D’ALUMINII 


Des observations cinématographiques de la ct 
cristaux d’aluminium sous charge constante so 
Avec une vitesse du film de 50 images par secon 
temps de la croissance des lignes de glissement \ 
qu’avec le temps, la longueur des lignes d 
qu’elles devenaient plus prononcées: | 
maximum de la croissance longitudinal 
La croissance en profondeur des lig 
métriquement, il fut ainsi trouvé, qu 
méme ordre de grandeur, que la vitesse de 
en fonction du temps, pour une lig1 
glissement voisines se développent 
Ces résultats sont discutés en tern 
\u moyen d’un modeéle spécial, 
Elles sont faibles en comparaison avec la 
dislocations-vis se déplacent beaucoup plus lentem¢ 
En partant de ce modéle et des vitesses des dislocatio 
déduire les vitesses probables de propagation des lignes de glissement 


servations ae 


cristaux, ces résultats sont discutés en relation avec les o 


blossem Auge feststellen kann. Man deutet diese 
Einleitung Gleitlinien als Spuren betatigter kristallographi- 


Die Oberfliche eines Einkristalls ist nach hin- scher Gleitebenen auf der Kristalloberflache [1 
reichender plastischer Verformung mit Gleitlinien Einige Autoren stellen fest [2, 3], dass die Gleit- 
bedeckt, die man lichtmikroskopisch oder gar mit linien beim Anbringen einer (normalen) Last am 
— — Kristall im Rahmen der Messgenauigkeit ‘‘sofort”’ 


Eingegangen 5. Januar 1953. aie — erscheinen. Mott [5] nimmt in seiner Theorie der 

tInstitut fiir theoretische Physik der Universitat, Géttingen, 
Germany. 
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Verfestigung an, dass die Ausbildung einer elemen- 


tl iu \l-] talle 
50 Bild pro sek gelingt 
lose 
er Kr erflache 1a 
laximale Ge hy digkelt 
emesse 1) Lliete vacns 
Dabe ergibt ch, dass es 
Die Helligkeit-Zeit-Kurve 
sict hre 
spezielle Vlodells lasse 
hese erwelist ( ils kle 
tzunge d vesenthch 
e aul er Se fi he de 
d Beobachtung 
aeeper The 
late LO 
ns 1] 
longitudina 
sliplines 
j e | model the 
the veloc 
th 
953 dislocations 
\ 
‘ r 
1 
me e. | ete re ‘ 
: 
‘ r] T | 
ro 
pDe;rte re i ¢ t T 
{ 
a ( t 
ae cela ppara € les 
ons-c¢ 
es ¢ i-dess i est po le 1¢ 
sur les surtace terales des 
Chen et P 


taren Gleitstufe eiige Mikrosekunden  dauert. 


Crussard [6] hat in Versuchen bei kontinuierlicher, 
langsamer Steigerung der Last (konstante Dehnge- 
ein Wachsen von Gleitlinien beobach- 


\uch 


er qualitativ fest, dass Gleitlinien weiterwach- 


schwindigkeit 


tet (vgl. auch [7] unter konstanter Last 
auch zu erwarten, da man aus genauen 
(Deh- 


dass die plastische 


Das ist 


sell 


\lessungen des Fliessens von Einkristallen 


nungs-Zeit-Kurven) [8] 
Autbringen 


Weiss, 


Dehnung nach einer Last noch iiber 


Stunden und Tage merklich fortschreitet. 
\uch die 


Zugversuch gemessene Verfestigung fiir Verformungs- 


dass die im gewd6dhnlichen 


Tatsa¢ he, 


sek~! erheblich 


gveschwindigkeiten € = 10~* — 10 


von € abhanet, weist darauf hin, dass die Gleit- 


cveschwindigkeit relativ klein ist. 


Um die Geschwindigkeit des Gleitvorgangs Zu 


ermitteln, ist in der im folgenden beschriebenen 


Untersuchung der zeitliche Ablaut der Entstehung 


einzelner Gleitlinien unter konstanter Last kine- 


matographisch beobachtet worden (bei Raum- 


temperatur 
Chen und Pond [9] haben in neuester Zeit ahn- 
liche Versuche bei kontinuierlicher Belastung ge- 


macht. Wir werden auf diese Arbeit, die uns erst 


nach Abschluss unserer Versuche zugegangen ist, 


weiter unten naher eingehen.* 
\lit dem Wort “Gleitlinie’”’ ist im folgenden stets 
ein li htmikroskopis« h sichtbares Gleitband vemeint. 


Seit einigen Jahren weiss man aus elektronen- 


dass 


mikroskopischen Untersuchungen |[10; 11; 12], 


einzelne Gleitlamellen von etwa 
Diese Lamellen 
1000 AE bei Al 
Raumtemperat Nachbarn abgeglitten 
dee Holden 


mit dem Tolansky-Verfahren die Entstehung solcher 
\l-Einkristallen beobachtet und bei 


ein Gleitband in 
200 AE Dicke unterteilt ist. 


orossenordnungsmasslg 


sind 


und 


iiber ihre 


der elementaren Gleitstute 3} hat 


festgestellt, 


leitstufe ‘“‘momentan”’ erscheint 


‘langsamer Verformung”’ beobach- 
tet er ein Wachsen der Gleitstuten unter konstanter 


last iiber eine Stunde, nachdem die erste Halfte 


eder Stufe ‘‘momentan’’, d.h. in den ersten Sekunden 


ich der Belastung entstanden ist. 


Mit dem Lichtmikroskop wird man nur Gleit- 


hinder wachsen sehen k6nnen, die schon aus 


Lamellen bestehen, d.h. man wird beo- 


wie die weiteren Gleitlamellen des Bandes 


mehreren 


bachten, 


ynnd haben uns fre 
fiir das Office of Air Research vor der 


vestellt 


400 Al ic] 


undlic he rweise 


Verotte 


+2000 AI 
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Vers... 4; 


hinzukommen. Mit Hilfe des Films ist dieser Vor- 
gang zeitlich aufgelést und zur weiteren Auswertung 


registriert worden. 
Versuchsanordnung 


Die der Versuche 


umfassten: (A) die Herstellung von Einkristallen 


technischen Vorbereitungen 
mit brauchbaren Oberflachen; (B) die Entwicklung 
eines geeigneten Zugapparates; (C) die Ermittlung 
der giinstigsten optischen Anordnung und Film- 
Aufnahmefrequenzen. 

A. Es wurden Einkristalldrahte aus 99,99... Al 
durch Rekristallisation nach kritischer Dehnung 
hergestellt. Anfangs wurden 1, 5 mm dicke Kristalle 
mit geatzten Oberflachen verwendet, spater solche 
von 4 mm Durchmesser, die nach dem Atzen rein 
elektrolytisch poliert wurden (Bad: 2 Teile Methyl- 
alkohol auf 1 Teil conc. Salpetersaure). Die Kristalle 
wurden vorsichtig in 2-4 Stiicke von je 5-7 cm 
Lange zerschnitten. Wir iiberzeugten uns durch 
Laue-Aufnahmen davon, dass der Asterismus bereits 
5-10 mm von der Schnittstelle entfernt vollstandig 
verschwunden war. Die Orientierung der Draht- 
achsen im Kristallgitter wurde durch Drehaufnah- 


men ermittelt und ist in Abb. 1 fiir die untersuchten 


3xe@ O15 


00) 


\BB. 1. Orientierung der 


Jrahtac 
xX 2mme¢ 


Kristalle: 
o4mm@d;: e isgewertet: 
Kristalle in der iiblichen stereographischen Projek- 
tion angegeben. Wir hatten also von jeder Orientie- 
rung mehrere Proben zu Vergleichs-Versuchen zur 
Vertiigung. Eine Probe wurde dazu benutzt, um in 
einem Vorversuch die gewiinschte Beobachtungs- 
richtung relativ zur Gleitrichtung festzulegen. 

B. Den Zugapparat zeigt Abb. 2. Der Kristall 
wurde beidseitig belastet, damit im Verlauf der 
Dehnung die beobachtete Stelle in der Mitte des 
nicht dem Bildfeld wanderte. Zur 


Kristalls aus 
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0> 633 
3g O38! 037 
38A 
normaler Belast d 

lass die ganze 06 101 
pach (10; (12 


ad 
953 
g 
| ‘eit ‘ 
\BB 3 | Idfolee em ZA IX ot 
\bstand der Bilder 1/10 sek. Vergrésserung 440° (bil 


UND HAASEN: 


Belastung wurden Gewichte von Hand (an Faden 
auf eine Waagschale gesetzt, die durch ein Olbad 
(d 0,5 
liber Kugellager lief, iibertrug die Spannung aut 


Al). In 


Kristall mit Schellack eingekittet. 


gedampfit war. Ein Stahldraht mm), der 


die Kristallfassungen (aus diese war der 


Okulor 


®) Lichtquelle 


Zeitmarke 


Objektiv 


\BB. 2. Versuchsanordnung 

Die Dehnung wurde mit Hilfe eines besonderen 
Messmikroskops ermittelt, das mit einem Mikro- 
metertrieb am Kristall entlang bewegt werden 
konnte. Dazu waren auf dem Mittelteil des Kristalls 
zwei Marken in etwa 1, 5cm Entfernung angebracht. 

C. Die optische Anordung und die Film-Aufnah- 
meapparatur sind ebenfalls in Abb. 2 skizziert. Das 
22fache 


betand sich tiber der 


Beobachtungs-Mikroskop oder 
Vergrésserung auf dem Film 
Mitte 
erzeugte mittels Ringspiegel im Tubus und Leitz 
Dunkelfeldbe 
dunkler 


des Kristalls. Eine Hg-Héchstdrucklampe 


Ultropak-Objektiv eine  allseitige 
(helle 


oberflache). Die von allen Seiten streifend einfallende 


leuchtung Gleitlinien aut Kristall- 


als besser 


Beleuchtung hatte sich in Vorversuchen 
geeignet erwiesen als die iibliche einseitige Dunkel- 
feldbeleuchtung, bei der die Sichtbarkeit der Linien 
von ihrer Lage zur einfallenden Strahlung abhinegt 

Bereits nach den ersten Versuchen erwies es sich 


als zweckmiassig, mit zwei Film-Aufnahmefrequen 


zen zu arbeiten, um sowohl das schnelle erste 


Entstehen der Gleitlinien unmittelbar nach der 


Belastung (50 Bilder,/sek) wie auch ihr langsames 
Bild ‘sek) zu 


Objektiv 


Nachwachsen (1 erfassen. Ein Prisma 


verteilte das vom kommende Licht im 


Verhaltnis 1: 
16 mm-Gevaert-Positiv-Schmalfilm verwendet. 


50 aut die beiden Kameras. Es wurde 


GLEITLINIEN AUF AL-I 


INKRISTA 


Versuchsdurchfuhrung und unmittelbare 

Ergebnisse 
E's wurden etwa 30 Kristalle gedehnt und gefilmt 
Bei den meisten wurde die Schubspannung in 15-20 
mm? (kritische Schub 


\bstanden 
min erhéht. Die Enddehnung betrug 5-10 


Stuten um jeweils etwa 45 ¢ 


spannung lOO g/mm*) in von ca. | 
Prozet 
je nach der Orientierung des Kristalls 

Nach dem Erscheinen der ersten Gleitlinien wurde 
ind 


Die Zeitdehner- 


unmittelbar 


die Zeitrafferkamera | B/sek) eingeschaltet 
lief wahrend des ganzen Versuchs. 
kamera (50 B/sek) wurde vor jedem 
Jelastungsschritt fiir die Dauer von jeweils 5 sel 
Betrieb genommen. 

Die \uflésung 
die Entwickling der Gleitlinien verfolgen zu kénner 
Ein Beispiel aus einem Zeitdehnerfilm zeigt Abb. 3 
Bildebense 
etwa tangential zu den Scheiteln der Gleitellipser 

d.h Stellen 


Kristalldrahtes, 


zeitliche reichte gerade LuS 


Be unseren Beobachtungen liegt die 


aut dem Um 


cle 


fang des die nach der einfachen 


Vorstellung |1] eine maximale Tiefe der Gleitstufen 
zeigen sollen 

Man erkennt, dass cic Helligkeit det entstehet cle 
Linie nicht gleichmassig mit der Zeit zunimmt. | 


Verlauf der | 


zeitlichen iInienentwicklut 
bestimmen, wurde 


den 


deshalb die He 


einer Linie von Bild zu Bild photometrisch vert 


nauer Zu 
Ergebnisse sol het \lessungen werden 
diskutiert. 

\uch im 


en sichtbat 


Zeitratterfilm sinc 
Photom« ter} 


Gank 


ing 
dem ermOglicht dieser | der ei 
Zeitmarke die Z iordnung 


zu einzelnen Abschnitten des Zeitdehnerfilms 


eindeut 


rmessenel | 


Neben dem photomet sch ve 


wachstum der Gleitstufen wurde auch ein | 


von Gleitliu ht 


beobhac!] et 


wachstum 
vemessen 
Auswertung der Filme 


RT. 
Zur photometrischen 


enWacnsltum 


iner Linie wird 


orossert aul ell 


besitzt einen 
der etwas bret 
ist und 
nitt des Linienbildes w 
beleuchtet die dahinte1 
Deren Strom wird mit « 
Beleuchtur 


emessen. Um 


| 
1B/s 50B/s 
‘Kamera : 
@) Kristal () 
Zugapparat 
nien-Ent 
r Belastuns 
a Bild der voll entwickelt 
ne ert | \ 
d if ce Cnalt celeot d 
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Aufnahme des Films auszugleichen, ist die Linien- 
Bild Bild Helligkeit 


bestimmten Oberflachenrauhigkeit (Staubkorn 


einer 


be- 


helligkeit fiir auf die 
zogen worden. 

Damit erhalt man fiir die auf Abb. 3 entstehende 
\bb. 4 gvezeigte Helligkeit-Zeit-Kurve. 


erkennt, stufenartig 


Linie die in 
Man 


entwickelt 


sich die Linie 


dass 


Dass die Linienentwicklung wirklich in zum Teil 
\bb. 5 und Abb. 


6, die auch die Streuung der Messpunkte erkennen 


ganz groben Stutfen erfolgt, zeigen 


lassen. 
\bb. 7 zeigt 
Gleitlinie bei Zeitraffung. 
Die Linie 


das langsame Entstehen’ einer 


beginnt erst ungefahr 20 sek nach der 


Sat 


3 


Nr 28 29kg Obj 22x 


a 


Photostrom ——= 


letzten Belastung zu wachsen. Auf diesen Zeitpunkt 


\nfang der Zeitachse velegt worden. Am 


Ende der Kurve wird weiter belastet. 


ist der 
inchen Belastungsschritten entstehen meh- 
rere Linien im Bildfeld. Abb. 8 und Abb. 9 demon- 


strieren, dass die zeitliche Entwicklung weitgehend 


Bei m 


svnchron verlauft. Die obersten Photometerkurven 


(Nr. 


beider Diagramme, die relativ steile und 


1953 


thy: WOE. 


hohe Stufen haben, gehéren zu Gleitlinien, die dicht 
neben bereits friiher entstandenen Gleitlinien liegen: 
Abstand . Diese selbst wach- 
sen bei diesem 

Bei 
die vom 
Stellen im Abstand 
den. Man erkennt, dass ahnliche 


= Su. (“Doppellinien”’ 
3elastungsschritt nicht weiter. 
Nr. 38 Aa (Abb. 10) ist eine Linie, 


Rande in das Bild hineinwichst, an zwei 


Kristall 


von 10u photometriert wor- 


Stufen bei beiden 


Photostrom 


Gleitlinie; Kristal] 


99 x 


6. Helligkeit 

Nr. 1b, Schubspannung 

Messstellen mit einer bestimmten zeitlichen Ver- 
zogerung gegeneinander auftreten. Diese entspricht 
Gleit- 
linien auf der 107! 
mm sek. An anderen Stellen ist diese Geschwindig- 
folgender 


einer Lingenwachstumsgeschwindigkeit der 


Kristalloberflache von etwa 


keit auch direkt gemessen worden (s. 


Abschnitt 
Skt 


Photostrom 
wn 


3S 


30 40 60s 


Feit -_ 


10 20 


Gleitlinie; Kristall 


\BB. 7 Helligkeit-Zeit-Kurve einer 
= 22 X. Beobach- 


Nr. 26, Schubspannung 630 mm?, 
tungszeit etwa eine Minute. 


Mit Verfestigung (Vorlast) scheint 
die Geschwindigkeit des Tiefenwachstums abzuneh- 
men: vgl. dazu Abb. 8 mit Abb. 9. Der Kurventyp 
Nr. 3 auf Abb. 9 wird vorherrschend. 

Chen Pond {9] 


zunehmende 


wachsender 


und stellen ebenfalls fest, dass 


Verfestigung die Linienentwicklung 


verlangsamt. 


j 20 
J 

\BB. 4 Helligkeit-Zeit-Kurve einer Gleitlinie; Kristall 
Nr 19 Sc} ] spa 360 g¢/mn Vergroésser ng aul den 
Film \ 14 % gl. Abb. 3 

F 
25 [ Nr 26 28kg Obj 
y 
} 
| 
j 
| 5 
5 

\BI 5 Helligkeit Ze I Ix rve einer Gleitlinie; Kristall 


UND HAASEN: GLEITLIN 


Versuche mit verschieden grossen Belastungs- 
schritten (90 g/mm? in Abb. 11 gegeniiber 25 
in Abb. 6) in gleichem zeitlichen Abstand 
ergeben steilere Stufen bei der héheren Belastung. 
Wird hingegen die normale Belastung von 45 


alle 10 sek statt 60 aufgebracht, dann 


25 


mm? 


~ 


(1 min 


~ 


mm 


alle sek 


Nr 28 7kg Obj. 11x 


Photostrom 


om 


Photostr 


13 


ABB. 


ABB. 9b 


Helligkeit-Zeit-Kurven benachbarter Gleit 
Kristall Nr. 28, Schubspan: 


Sb 


Su. 9. 
dazu Lageskizzen 


99 


\BB 
linien 
160 u. 250 ¢/mm2, V 


wachsen die Gleitlinien sehr langsam in kleinen 
Stuten (Abb. 12 zu vergleichen mit Abb. 10 

Es muss jedoch betont werden, dass die drei 
letztgenannten Aussagen wegen der geringen Zahl 


von Messungen nicht sehr zuverlissig sind. 


9 


Ldangenwachstum 

Auf manchen Filmen beobachtet man, dass sich 
Gleitlinien, die bei geringer Dehnung meist nur als 
kurze Stiicke zu sehen sind, in ihrer eigenen Richtung 
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verlangern. Indem man die Verschiebung einer 
Stelle von geringer Helligkeit der Linie von Bild zu 
Bild ausmisst, kann man dieses Lingenwachstum 
unmittelbar verfolgen. 

sat 


35 


Photostrom 


photome trl 


ZU Lag eCSKIZZ 


\BB. 10b 


\bb. 13 zeigt im Diagramm die Verlangerung von 
der Zeit | ibelle | die d 


Langenwachstumsgeschwin- 


Gleitlinien tibet und iraus 


berechnete maximale 


digkeit fiir verschiedene Linien 


rABELLE ] 


angenwast hs- 


des 


LO 


maximale Geschwindickeit 
LO 


Die 


tums 


Vy betrict also sek. Diese 
Messungen sind allerdings weniger genau als die 


beschriebenen 


des Tiefenwachstums und ge- 


oben 
statten kaum Einzelheiten im zeitlichen Verlauf des 
Langenwachstums zu erkennen ausser der, dass die 
Ceschwindigkeit im Laufe dieser Linienentwicklung 
abnimmt. 

Chen 


Arbeit 


und Pond beschreiben in der genannten 


kinemato- 


im wesentlichen ebenfalls 


" 
. 
Nr 38 Aa l4kg My 
25 
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~ 
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RGICA, 


des Langenwachstums 
Al-Einkristalle 


konstanter Geschwindigkeit. 


graphische Beobachtungen 
kon- 
Diese 
auf der Scheitelflache Geschwindig- 
Null. Der 
Unterschied zu unseren Messungen kann durch die 
Art 


bedingt sein* 


von Gleitlinien. Sie belasten 


tinuierlich mit 


Autoren finden 


v7, zwischen 7,6 mm/sek und 


i 


der Belastung und Oberflachenbehandlung 


t-Zeit-Kurve einer Gleitlinie; Kristall 


520 g/mm?, V = 22 X 
Diskussion 
Fiir quantitative Aussagen iiber das Tiefenwachs- 


Beziehung 
Gleit- 


wir die 
Tiefe 


tum der Gleitlinien ben6tigen 


zwischen Photometerstrom und einer 


stufe. Diese ist experimentell schwer zu erfassen. 
Wir erwarten in grober Naherung Proportionalitat 
zwischen der Intensitat einer Linie und ihrer Tiefe, 
nd Pond untersuchen aus der Schmelze herge- 
99 ,997-Al-Einkristalle, die einen um den Faktor 7 
Rekristallisationseinkristalle 
mechanisch, 


seren Querschnitt als unsere 
sie polieret 


nach einer Atzung 


ihre Kristalle  zuerst 
an elektrolytisch nach derselben 
Methode wie wir. Brown und Honeycombe [13] haben auf 
lie Unterschiede im Gleitlinienbild aufmerksam remacht, die 
‘ Dehnungen zwischen rein elektrolytisch polierten 
Kristallen einerseits und elek- 
trolytisch nac hpoli rte! Kristallen andererseits bestehen. 
die mechanische Vorpolitur die 
Gleitlinien im Anfangsstadium, die 

r sind. Brown [4 
in cle r 
nde n bei de 
als bei den mechanisch 
weiter unten erwahnte1 


\ rlai 


} lei: 
e 


nd mechanisch vorpolierte1 


nimmt ausserdem 
Tiefe wachsenden Gleit- 
ge wachse electrolytisch 
rl vor- 
polierte ir n allerdings aus 
i i aus- 


Ing 


Griinder 
emessel 


Die 


sek statt 
50/sek bei un “nn man un ifenweise Belastung 

uierlichen von Chen und Pond 
mittlere Belastungsgeschwindigkeit 
| Faktor 30 


sildfreque 1 betragt 32 


tiberhaupt 


vergleichen rI, ist dic 


und Dehnut digkeit) dort um einet 


rosser als bei uns. 
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d.h. zwischen Photostrom und Stutentiefe. Ausser- 
dem schatzen wir die mittlere Tiefe der vollentwickel- 
folgendermassen ab: Bei 
unseren Versuchen Enddehnung 
e = 10 Prozent haben die Gleitlinien einen mittleren 
Abstand von d = 10y, d.h. die Gleitstufen haben 
e.d = lp. Dieses 
kleiner 


ten Gleitstufen der in 


erreichten von 


eine mittlere Tiefe von etwa s = 


Ergebnis erscheint verniinftig, denn als 


Photostrom 


12. Helligkeit-Zeit-Kurve einer Gleitlinie; Kristall 


\b, Schubspannung 630 g/mm?, V = 22 X 


O,lu kann s_ bei lichtmikroskopisch sichtbaren 


Stufen nicht sein, wahrend Crussard 
Grenzwert bei Al-Einkristallen mit ahnlicher Deh- 


als oberen 


nung s = 3y angibt. 

Aus unseren Photometerkurven ersehen wir, dass 
sich derartige Gleitstufen in Zeiten entwickeln, die 
grésser als 2,50 sek sind (der Belastungsvorgang 
lange. Ausserdem beginnen 


Zeit 


dauert sicher weniger 


manche Linien erst betrichtliche nach der 


Belastung zu wachsen. 


50 Bilder =! sek 


10 20 30 40 50 60 70Bilder 


Verlangerung \ nktion der 


\BB. 13 
Zeit. 


Aus 


Entwicklungszeit folgt 


maximaler Gleitstufentiefe und minimaler 


als maximale Geschwindig- 
keit des Tiefenwachstums v7 = 2,5. 10-2 mm/sek. 


Eine untere Grenze fiir diese Geschwindigkeit 


existiert offensichtlich nicht. 
Die gréssten Tiefenwachstumsgeschwindigkeiten 


v7, ergeben sich somit als von derselben Gréssenord- 
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nung wie die maximal gemessene Langenwachstums- 


geschwindigkeit vz, namlich zu 10-2 mm sek. 


keiten im Versetzungsbild? Bei naherer Betrachtung 


bedeuten diese gemessenen Geschwindig- 
wird sich herausstellen, dass sie nicht ohne weiteres 
mit Versetzungsgeschwindigkeiten identifiziert wer- 
den diirfen [14]. Wir diskutieren im folgenden einige 


mogliche Verkniipfungen: 


Auf der Scheitelfldche 


(a) Das Tiefenwachstum der Gleitlinien wird dort 
durch Stufenversetzungen verursacht, die aus der 
Oberflache treten. Diese Versetzungen kommen von 
den der Oberflache nachstgelegenen Frank-Read- 
Quellen. Wir nehmen an, dass die Versetzungen in 
dem zeitlichen Abstand durch die Oberflache gehen 
kénnen, in dem sie dort ankommen (das ist keine 
selbstverstandliche Voraussetzung, aber die einzige, 
die Riickschliisse auf die Vorgange im Kristallin- 
neren gestattet). Dann gibt es zwei Moglichkeiten 
zur Deutung des Tiefenwachstums, je nachdem, ob 
die Erzeugung oder die Abwanderung der Verset- 
zungen von der Quelle die Gleitgeschwindigkeit 
bestimmt. Nimmt man zuniachst letzteres an, dann 
bietet sich an der Oberflache des Kristalls das in 


Abb. 14 gezeigte Bild. 


wacnstums 


14. Versetzungsmodell des Tiefe1 
Scheitelflache. 


Es laufen Stufenversetzungen im Abstand / mit 


der Geschwindigkeit v, von der Quelle Q auf die 
Oberflache zu. Jede austretende Versetzung ver- 
erossert die Gleitstufe um 6 (Betrag des Burgers- 
vektors). Dann ist die Geschwindigkeit des Tiefen- 


wachstums 


Man erhalt somit den grésstméglichen Wert fiir ¢ 


wenn man die maximal gemessene Tiefenwachs- 


rTLINIEN AUF AL-I 


INKRISTALLEN 


tumsgeschwindigkeit 100-! mm /sek 
Weelange im 
Mosaikblockdurchmesset 
100 d.h. 10 
\l. 

Zum die Ab- 


wanderung der Versetzungen von der Quelle schnellet 


erdssten freien Kristall 
multipliziert, zu 
sek., 


mm Schallgeschwindickeit 


anderen mdglichen Fall, bei dem 
als ihre Erzeugung vor sich geht, gelanget man, wenn 
\bb. 14 
Oberflache 


Quelle bis zum nachsten Hindernis ergénzt 


man sich die in skizzierte Gleitebene aut 


Seite det 
Dann 
autstauenden 
Quelle 


der von der ibgewandten 
werden die vor diesem Hindernis sich 
Versetzungen aus Q schliesslich die an det 
dass 


wirkende Schubspannung soweit erniedrigen, 


weitere Versetzungen die noch 


Mithilte 


k6nnen. 


Quelle nur unter 


thermischer Schubspannungen verlassen 
Quelle auf diese Weise 
dann ist v7 Ynax unter 


Man erhalt 
\ussage 


Erzeugt die 
Versetzungen pro sek, 
dass i l 1St 


der Voraussetzung, 


1 


Vmax = 10° pro sek, aber keine weitere liber 
die Versetzungsgeschwindickeit. 

b) Das Ldéngenwachstum von Gleitlinien auf det 
Scheitelflache sollte nach der einfachsten Vorste llung 
Schraubenversetzungen 
Doch kann 


nebe inandet 


durch Bewegung von 
lang der Oberflache zustandekommen 
auch ein successives Austreten von 
liegenden Stutenversetzungsteilen in die Oberflache 
Wi 
dem \odell 


Hinder 


eine Verlangerung der Gleitlinien bewirken 


Falle wieder in 


ind 


diskutieren beide 
\bb. 15 durch Quell 


interteilten Gleitebene 


det 


VVVVVYVY 


AMAAAAAAAA 


MW 


AAA 


\BB. 15. Ver 
aer heit lfl i( he 


Zunachst erzeuge eine Quell 
Oberfliche 


erkennt, d 


die bis 


Man 


sondern 


lauten. 
liefe, auch di 
Gleitstufe wiachst Diese 
tum” kann sicher nicht d 
verlangerungen von 

vel. oben) erklaren 
Quellen Qe, 


sich aufstauenden 
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A\LLI 


erhohen die wirksame Schubspannung am Ort von 
V SO, dass diese Quelle ihrerseits Versetzungen 
erzeugt, die nach HH.» laufen usw. Die Geschwindig- 
keit der Verlangerung der so entstehenden Gleit- 
linie vz ware dabei durch die Geschwindigkeit v, von 
Schraubenversetzungen im Kristallinneren bestimmt. 

Wir 


orOssenordnungsmiassig v, = 10 


erhalten somit aus unseren Messungen 


sek, also eine 


Schraubenversetzungsgeschwindigkeit, die etwa 1/b 
104 mal 


Stufenversetzungen v,. Diese Folgerung aus unseren 


kleiner ist als die Geschwindigkeit der 


Experimenten, dass die Schraubenversetzungen nur 


sehr viel langsamer als die Stufenversetzungen 


laufen kénnen, entspricht durchaus den _ theoreti- 


schen Vorstellungen [5], nach denen die Bewegung 


von Schraubenversetzungen durch Erzeugung von 


Loéchern wesentlich behindert wird. 


tenfiacne 


Auf der 
Aut der ‘‘Seitenflache’’, d.h. auf einer zur Scheitel- 
flache 


also die Gleitrichtung fast enthalt 


nahezu senkrechten Kristalloberfliche (die 
erwarten wir 
ahnliche Verhaltnisse, nur sind dort die Rollen von 
Stuten- 
Die 


senkrecht 


und Schraubenversetzungen  vertauscht. 


Gleitrichtung noch eine Komponente 


Muss 


zur Beobachtungsflache haben, damit 
man tberhaupt Gleitlinien sehen kann. Wir stellen 


Tabelle 


zu erwartenden maximalen Geschwin- 


in der folgenden II die nach dem obigen 


Modell dort 
digkeiten des Langen- und Tiefenwachstums denen 
auf der Scheitelflache gegeniiber, aus denen wir oben 
die maximale Geschwindigkeit der Stufenverset- 
mm/sek und die der 


zungen zu v, = //b0- 10 


Schraubenversetzungen zu v, = 10 mm ‘sek be- 
stimmt haben. 


} 
Waximale 


chwindigkeit 


auf 


Wir 


der Scheitelflache wesentlich 


erwarten also, dass das Tiefenwachstum 


schneller als auf der 
Seitenflache vor sich geht, wahrend es beim Langen- 
wachstum umgekehrt sein sollte. 

Pond !9] beobachten, dass die Gleit- 


Seitenflache 


Chen und 


linien auf der des Kristalls stets in 


ganzer Lange erscheinen. Sie interpretieren dieses 


Ergebnis im Versetzungsbild dadurch, dass sie als 
Schallge- 


schwindigkeit annehmen. Nach der obigen Diskussion 


Geschwindigkeit der Stufenversetzungen 


RGICA, 
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VOL. 1, 


erscheint uns das nicht méglich, zumal die Autoren 


selbst Tiefenwachstum von Gleit- 


linien auf der Scheitelflache bemerken. Wir méchten 


qualitativ ein 


in ihrem Resultat eine Bestatigung des obigen 


Schlusses sehen, dass die Stufenversetzungen schnel- 
Die 
ist zwar klein gegen die Schall- 


ler als die Schraubenversetzungen laufen. 


Geschwindigkeit 
geschwindigkeit, aber zu gross, als dass das Langen- 
wachstum auf der Seitenflache bei dieser Film- 
frequenz zeitlich aufgelést werden k6énnte. 

Aus der Fig. 11 der genannten Arbeit [9] scheint 
hervorzugehen, dass das Tiefenwachstum auf der 
Seitenflache vergleichsweise langsam verlauft*. 

Zur Deutung der Stufenstruktur der ‘“Abgleitung’’- 
Linie ist man versucht, das 


Zeit-Kurve einer 


elektronenmikroskopische Resultat heranzuziehen, 
dass ein Gleitband durch Addition von Elementar- 
1000-2000 AE Tiefe 


erreichten Dehnungen 


stufen von jeweils wachst. 


Bei den 
etwa 5-10 Gleitlamellen pro Band bei Al beobachtet. 


von uns werden 
Danach méchte man eine Stufe in unserer Photo- 
meterkurve der Entstehung einer weiteren Lamelle 


Auch bei 


Messungen des Fliessens von Einkristallen werden 


des Gleitbandes zuordnen. gvenauen 
zuweilen derartige Stufen oder Wellen beobachtet 
[8]. In den 


Wachsen vieler Gleitbander auf der ganzen Mess- 


Fliesskurven iiberlagert sich sonst das 
lange des Kristalls. 

Aus diesen Fliesskurven ist auch gelaufig, dass die 
Abgleitung manchmal nicht sofort nach der Belas- 
tung einsetzt, sondern erst mit u.U. betrachtlicher 
zeitlicher Verzégerung (‘‘Anfangsknick’’). Dies ist 
z.B. auch auf Abb. 7 und beim Vergleich der Kurven 
auf Abb. 8 zu erkennen. Diese Verz6gerung kénnte 
durch die Wechselwirkung der Gleitbander bedingt 
sein, indem Versetzungen, die auf einer Gleitebene 
sind, die Nachbarebenen 


in Bewegung geraten 


durch ihr Schubspannungsfeld erst zum Gleiten 


anstossen. Diese Vorstellung erklart auch die im 
ganzen betrachtet synchrone zeitliche Entwicklung 
benachbarter Gleitlinien (Abb. 8 und 9). Aus einer 
Berechnung [15] des Spannungsfeldes einer Verset- 
zungsverteilung, die einer verfestigten Gleitebene 
nach dem Quellenmodell entspricht, folgt, dass die 
Wechselwirkung von Gleitebenen auch iiber Entfer- 
nungen von der Gréssenordnung der Gleitbandab- 
stande betrachtlich ist, ein Befund, den man schon 
aus der bei grossen Dehnungen fast regelmiassigen 
Verteilung der Gleitbander iiber die Kristallange 


Bilder dieser Figur haben den_ relativ 
\bstand von 13 sek = 416 Bildern, was 
Erscheinen der gezeigten 


*Die beiden 
grossen zeitlichen 
jedenfalls 
Lit ie beweist. 


nicht ein 


| | 
1uf der Auf der 
des | ingenw ichst ms 
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ablesen kann. Insbesondere stellt sich heraus, dass besonders dem Kameramann, Herrn E. Her 
eine betatigte Gleitebene die Adussere Schubspan- zu Dank verpflichtet. 
nung in einer Nachbarebene im Abstand /7 stellen Herrn Dr. G. Leibfried verdanken wir zahlreiche 
weise verstarkt (bis zu 20 Prozent), wobei / die Anregungen und ermutigende Diskussionen. 
Lineardimensionen in der Gleitebene: Interval- Herr Prof. Dr. G. Masing, Géttingen, stellte 
lange = Mosaikblockdurchmesser kennzeichnet uns freundlicherweise die Einrichtungen  seines 
Nimmt man /7 iiblicherweise zu einigen an, dann’ Instituts zur Herstellung der Einkristalle zur 
sollte eine Gleitlinie in solchem Abstand von einer  Verfiigung. 
schon betitigten Gleitebene sich besonders leicht Die Durchtiihrunge dieser Untersuchung wurde 
ausbilden. Diese Vorstellung wird durch die obigen durch dankenswerte Unterstiitzung der Deutschen 
Beobachtungen an Doppellinien (Abb. 8 und 9, Forschungsgemeinschaft sowie der Géttinger Aka 
Kurven 1) gestutzt. demie der Wissenschaftet ermoglicht 

Solche Beobachtungen iiber oft bevorzugte Bil- 
dung von Doppellinien bzw. Gleitbandbiindeln bei Literatur 
kleinen Deformationen passen schlecht der Scamp. 
statistischen Aussage von Chen und Pond itiber die Springer, 1935 


Lage einer neuentstehenden Gleitlinie in Bezug auf 2. Mappin, R., THEWSON ind HrBBarp, | 
Trans. Amer. Inst. Min. Met. Eng., 175 (1948) 86 
Hop! N, ] M.Sc. thesis Manchester (nach [4 

; : Z Brown, A. F. Advances in Physics, 1 (1952) 427 
Gleitlinienentwicklung mdéchten wir in_ diesem 5. Morr. N. F. Phil. Mag.. 43 (1952) 1151. 


ihre beiden Nachbarn. 
Den Einfluss zunehmender Verfestigung auf die 


3ilde als Wirkung der St6rung der regularen Glei- . Crussarp, M. C vy. Métallurgie, 42 (1945) 286 
tung verstehen: Die Versetzungen miissen die YAMAGUCHI, K i. Pap. Inst. Phys. Chem. Ri 
Tokyo, 11 (1929 


wihrend der Verformung in der Gleitebene entste- Me : 
AASEN, P 


henden Hindernisse (sessile dislocations, Lécher 


1952) 317. 


iiberwinden. Dementsprechend wird die Gleitlinien- CHEN, N. K. und Ponp, R. B. J. Metals 


entwicklung verlangsamt (Abb. 8 und 9). Zuneh- HEIDENREICH, R., id SHOCKLEY, W 

mende Belastungsgeschwindigkeit bedeutet starkere Conference 

Brown, A. F. ature, 163 (1949) 961 

Witsporr, H. und KUHLMANN-WILSDORI 
rc oO » > 4 

Verlangsamung des Linienwachstums (Abb. 12). Physik, 4 (1952) 361, 409, 418 

Brown, A. F. und HoONEYCOMBE, R 

Mag., 42 (1951) 1146 

HAASEN, P. und LEIBFRIED, G. Dis 

vorbereitet und durchgefiihrt. Wir sind dessen 1953) im Druck 


Leiter, Herrn Dr. G. Wolf, und seinen Mitarbeitern, 5. HAASEN, P._ Dissert 


St6rung und damit stiarkere Verfestigung, 


Die Filmaufnahmen wurden in Zusammenarbeit 
mit dem Institut fiir Film und Bild in G6ttingen 
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(1952) 1085 
Rep Br trl 
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THE HARDENING OF METAL CRYSTALS BY PRECIPITATE PARTICLES* 


FISHER, E. W. HART, and R. H. 


The de pendence of the hardening effect of prec ipitate partic les is computed in terms of a model 
which the precipitate particles cause the dislocations from activated Frank-Read sources to form 


losed loops about the particles. 
ritical stresses of the Frank-Read sources. 
nt with the relevant experimental data. 


LE DURCISSEMENT DE 


METAUX PAR DES PARTICULES DE 


Che back stress resulting from the closed loops increases the effective 
Che results of the analysis are shown to be in fair agree- 


PRECIPITE 


L’effet durcissant des particules de précipité est calculé au moyen d’un modéle, dans lequel les 
particules de précipité forcent les dislocations provenant des sources de Frank-Read activées, a 


former des boucles fermées autour de ces particules. 


La réaction, produite par les boucles fermées, 


1ugmente les tensions effectives, critiques des sources de Frank-Read. Les résultats de l’analyse 


concorde 


nt assez bien avec les données experimentales. 


DIE AUSHARTUNG VON METALLKRISTALLEN DURCH AUSGESCHIEDENE 
FREMDANTEILE 


Die Abhangigkeit der Aushartungswirkung von ausgeschiedenen Fremdanteilen wird im Rahmen 


Modelles berechnet 
die \ ersetzungen 
bilden. Die 
der Frank Read Quellen. 


eines neuen 


Gegenspannung, 


Es zeigt sich, 


Ubereinstimmung mit den entsprechenden experimentellen 


Introduction 
The 


particles in metal crystals seems to be dependent on 


hardening effect produced by precipitate 


both the size and the spacing of the particles. The 


size effect was inferred by Merica and his collabora- 


tors |1| from studies of the age hardening of dural- 


umin, and it was proposed that the hardening 


reached a maximum for precipitate particles just 


under the limit of microscopic observability. A 
qualitative explanation of this type of hardening was 
Archer 2] the 
prec ipitate parti les acted to block « r\ stallographic 


Mott Nabarro 


strength in terms of the strains produced by precipi- 


otfered by Jeffries and whereby 


slip. and 3] estimated the vield 
tation and the increased stress required to force 
dislocations strained 


The 


spacing has been investigated in steel 


through adversely, material. 


dependence of the hardening on_ particle 
+] and more 
recently in aluminum-copper alloys [5]. A theory of 
the dependence on spacing was proposed by Orowan 
6|, who showed that the stress required to force a 
dislocation between two precipitate particles was 
inversely proportional to their spacing. 

The treatment of the present paper attempts to 
account for the influence of the size and spacing of 
the strength of metal 


pret ipitate parti les on 


crystals in terms of a simple mechanical model. 
The underlying slip process is assumed to depend on 
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In diesem Modell fiihren die 
, die aus einer Frank Read Quelle stammen, um die Fremdteilchen Ringe (‘‘loops 
die diese Ringe erzeugen, erhéht die effektive kritische Zugspannung 


dass die 


ausgeschiedenen Teilchen dazu, dass 


Ergebnisse dieser Analyse in zufriedenstellender 


Daten stehen. 


the activation of slip sources, such as those prope sed 


by Frank and Read |7]|, with consequent large 
amounts ol slip resulting on each plane so activated. 
The nature of the strengthening effect here will be 
seen to be essentially different from that envisaged 
in either of the two foregoing theories. 

The model adopted to compute the hardening 
increment due to included precipitate particles is 
abstract [8]. 
Frank-Read 


source in an active slip plane bend about partially 
that the 


that previously reported by us in 


Dislocation loops radiating from a 


impenetrable particles intersect plane, 


leaving trapped closed loops about them as shown 


in Figures ] and 2. The trapped loops exert a back- 


FIGURE 1. from left to right, of 
the propagation of a segment of a dislocation line past a row 
of impenetrable particles leaving residual loops about the 


part le 


Four views, in sequence 


stress throughout the plane, thereby raising the 
effective critical stresses of all Frank-Read sources 
in the plane. This back stress is identified with the 
hardening increment due to the precipitate. It 
depends on the steady state number of loops that 
each particle can support, the radial distribution of 


loops about each particle, and the size and spacing 
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of the particles. These effects are computed in the 


following sections. 


Calculation 


A. Loop Distribution 

For simplicity in calculation consider that in any 
slip plane the sections of the precipitate particles are 
circles of radius r of mean spacing 2R. Let each 
N loops and designate the radius 
the 

units of G, 
the 


particle support 


of the uth loop about each particle by r In 


following all stresses are measured in 


the rigidity; lengths in units of 3, Burger's 


vector of the elementary dislocations for slip in the 
plane; and energy in units of Gb’, 


The model of 
Frank-Read source after 
Each circle about a precipitate 
hundred dislocation lo¢ ps 


not necessaril 


FIGURE 2 i hardened pla e co 


stead) state has bee 
parti le represt 
lhe components of the I 


in proper relative scale 

[t has been shown that the stresses [9] and forces 
of interaction [10] associated with dislocations cai 
analog, 


be computed by means of a magnetic 


which the dislocation line is thought of as a current- 
carrying wire. Making use of this analog, the stress 
component* in the plane containing a dislocation 
loop and resolved in the direction of the Burger’s 
vector is 

(1) r= 

Here v is Poisson’s ratio, and h/ is the magnitude of 


the component of magnetic field normal to the plane 

*At any radius from the center of the dislocation loop, the 
resolved shear stress depends upon the angle between the 
radius vector and the Burger’s vector. The angular dependence 
of 7 is small, and it is the mean value of r, 
angle, that appears in equation (1 


averaged ovel 
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which would be produced in a medium of unit 


permeability by a circular loop, congruent to the 


dislocation loop, carrying unit current (all in 


rationalized units Then, in view of the magnetic 


analog force law it is clear that we may consider the 
interaction energy ol the concentri loops about any 


one particle as gviven by an analogous magnets 


interaction energy of similarly disposed current 


loops. Che energy ol the NV loops about one circular 
particle of radius 7 and in an external stress field, 
tr, (which may include the stresses due to the other 


loop concentrations) is 


where 


2E(k 


ind K and E 


The interaction term, € 


are complete elliptic integrals 1] 


will be recognized as the 


mutual inductance of concentric circular loops of 


radii 7,, and r,. Terms for which m represent the 


\lIthough the 


self-energies of the dislocation loops 


selt-energies are infinite in equation they 


become finite and of approximately the correct 


magnitude when the sum is replaced by an integral 


Kor 
the 


as in equation (3 
0. When 


be l l nang In the 


simplicity we 


ditference seen 
magnitt 


hardening 


Phe 


stress 


distribution of radii has been approxin 


1 
iriational method he trial used 


function 


nsidered 


tions 


and to replace the sums b 


be omes 


Gy 
k L rr, } 4 y ; 
Z kC(k 2 —k*) K(k) — 
Q 
the rad ~ 
convenient to make the < stitu=—, 
3) / » AA d Ix ¢ rls 2, 
where 
(1 +e) Ck 
k Le 
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The integration over x may be carried out immed- 


iately with the result 


ai 


numerically and is shown 


noted that the 


computed 


Fi 


graphically in Figure 3. 


was 
It may be 
the bracket of t) is negligible 


second term in 


FIGURI 
= ().S4 


compared to F Y and so the distribution of loops 


is well determined by minimizing F(y). This is so 


because, as will be shown, N/r is of the order of the 
ideal streneth of the crystal and is therefore of the 
order of 10 

[It will be noted from Figure 3 that the minimum 
0.84. This value is relatively 


while 7 is about 10 


of EF occurs at about y = 
independent of 7 in view of the foregoing argument 


ind SO 


This shows that, whatever the value of N, the loops 


occupy an annular space of radial width about 1.37 
about the particle. Note also that because of the 
neglect of the term proportional to 7 the calculation 


is independent of the value of ». 
B. The Hardening Stress 
may be approximated 


that 


affected are far from the loops compared to the loop 


The hardening stress, 7p, 


from equation (1), assuming the sources 
dimensions, and assuming a uniform distribution of 
precipitate particles in the plane. Since the concen- 
tration of particles is (rR*)—', and the ‘‘magnetic 
dipole strength”’ of the loops about each structure is 
given by the sum of the areas of the loops about it, 


the hardening stress is 
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ver... 


(4 


= N(r/R)*[(e" — 1 
= 1(r/R)"NR,, — 1)/2 


R,,, is the distance of closest approach of a source to 
a precipitate particle, averaged over the extent 
of the source. This number is some fraction of R and 
will be written R/c where c is probably of the order 
of 3. Equation (6) may now be simplified by using 
the above value of y and noting that (r/R)? is the 


volume fraction, f, of precipitate in matrix plus 


precipitate. Then, reintroducing the dependence 


on 


If vy is taken to be 4 and ¢ is taken to be Zs. 


5) 


Discussion 


The hardening stress computed in the above 
sections is the increased stress required to activate 
the slip sources ina slip plane. It is a stress increment, 
to be added to the corresponding stress for the metal 
matrix without precipitate particles. As computed 
above, the hardening stress is expected to increase 
with strain for the first few per cent, until NV has 
steady value. Subsequently, the 


reached a state 


hardening stress should be independent of strain. 
The steady state value of VV cannot be computed 
precisely, but its magnitude can be estimated, and 
its dependence on ¢ can be in part anticipated. 

The stresses sustained in the precipitate particle 
and in the region immediately surrounding it are of 
the order of N/r. It is expected that this number 
cannot exceed the ideal limiting strength of either 
matrix. /r then has an 


the precipitate or the 


expected upper limit of about 0.1. In terms of the 
surrounding dislocation loops, this further means 
that no two dislocation loops are closer than 10 
Burger’s units. It should be further expected that 
as the particle radius exceeds some minimal radius, 
rm, the stress that can be sustained by the particle 
decreases. We shall, therefore, write 7, in place of 
N/r, with the expected properties mentioned above. 
Then (8) becomes 


(9) tr 


Equation (9) can be used to make an absolute 


) 
1) E=4N%[F(y) + 2a(r/N)r(e” — 1)/y], 6 | 
dr-? 
5) F(y) = 4 Boe 1] ] k’C(k 
x = 3(N/r) 
P| ee vs. y. The minimum occurs at about 
= re 2.3°r. 
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estimate of the hardening strength. For f = 0.04 


and 7, = 0.1, 
rT, = 2.4X 10°, 


remembering that the unit of stress here is the rigidity 


modulus, G. For Al with CuAl, precipitate this 


would be 
= 7 X 10° psi. 
Dorn and co-workers [5| obtain a range of 5 to 
10 X 10° psi for this concentration of CuAl, and 
for a range of particle sizes. 
The data which these authors report are suscep- 
tible to further analysis in terms of the parameters 


of this theory. Figure 4 is a plot of /*’*/7, versus 


1.6 


rir 


\ccording to equatio! Q), the 
the reciprocal of 
This ratio 1s plot 


alumi 


FIGURE 4 
should be proportional to 1/7¢, 
strength of a precipitate particle 
particle radius for CuAl: precipitated 1 
Shaw, Shepard, Starr, and Dor 5 
78°K in allovs of 3 to 5 per cent 


Cu in Al. 


yr at 15 per cent strain for their data at 78°K. The 


range in concentration is only about 3 to 5 per cent 
and the particle radii are as shown in the figure. 


The scatter from monotonic behavior as a function 


of r is within the probable uncertainty of the 


determination of the parameters and shows 


confirmation of the expected dependence on r, 


fair 


339 


tT., the critical vielding of the 


Stress 


particles or surrounding material, decreases with 


increasing particle size 


Conclusions 


It has been shown that the model proposed for the 


explanation ol precipitate hardening is in fair 


agreement with the available experimental data in a 


number of features. The hardening is independent 


of strain after the first few per cent ol strain are 


Che 


as given by 


accomplished. magnitude of the hardening 


effect, equation 9), can be simply 


approximated on an ibsolute basis. Che predic ted 


dependence on precipitate concentration and on 


particle radius is not inconsistent with observation. 
[In order that the quantitative predictions be fully 
tested experimental measurements are needed for a 


wider range of particle radii and concentrations 


[t would be preferable that such measurements were 


carried out on single crystals since the problem ot 


grain size control and grain boundary precipitation 


would then be eliminated. 
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IONIC CURRENTS IN THIN FILMS OF ZIRCONIUM OXIDE* 


A. CHARLESBY7T 


Che electrical properties ol thin oxide films on zirconium, formed by anodising in suitable electroly tes, 
have been studied. This paper deals with the ionic currents and laws of growth. Optical methods 
show the film to be uniform in structure, and both optical and capacity measurements have been 
ised to me t ickne t room temperature this is found to be proportional to the formation 
voltage, a to i lesser extent on the formation current. From optical data a film 


thickness of 21A per volt is deduced. Capacity measurements lead to a figure of 20A per volt assuming 

ilue of 20 for the dielectric constant ol the oxide 

The results obtained are consistent with the following relationship between ion current and 
electrostatic field across the film 

= A, exp B,F 

where A Bi onstant at room temperature. From the approximate value of B,, it is deduced 
that t arrier opposing ionic flow from the metal has a width of 2.8A 

The eifect Of varving the type of electrolyte has been studied Certain electrolytes, 2 f dilute 
sulphuric acid, which gives a porous conducting oxide film on aluminium, produce insulating films 
on zirconium. Electrolytes which produce insulating oxide films on aluminium also do so on 


zirconiun 


LES COURANTS IONIQUES DANS DE MINCES COUCHES D’OXYDE DE ZIRCONIUM 


Une étude a été faite des propriétés Elec triques de minces couches d’oxyde de zirconium, formées 
par oxydation anodique dans des électrolytes convenables. Cet article a trait 4 des courants ioniques 
et les lois de croissance. Il a été montré par l’emploi de méthodes optiques, que la structure de la 
couche est uniforme, son épaisseur a été établie en employant des mesures de capacité, ainsi que des 
mesures optiques. I] fut constaté, qu'a la température ambiante, l’épaisseur de la couche est propor- 
tionnelle au voltage de formation, et ne dépend que peu du courant de formation. Une épaisseur de 
21A par volt est déduite des données optiques Les mesures de capacité conduisent a une valeur de 
20A par volt, ceci en admettent, que la valeur de la constante diélectrique de l’oxyde est de 20 

Les résultats obtenus sont en accord avec la relation suivante entre le courant ioniq le 7, et le 
champ électrostatique a travers la couche: 

, = A, exp 
sont constants a la température ambiante. I] est déduit de la valeur approximative de 
barriére qui s’oppose a l’écoulement des ions du métal, a une largeur de 2, 8A 
l‘emploi de différents types d’ électrolyte fut aussi étudié. Certains électrolytes, par 
ide sulphurique dilué, qui donne une couche d’oxyde poreux et conducteur sur |’alumin- 
des couches isolantes sur le zirconium. Les électrolytes, qui produisent des couches 
sur l’aluminium, en font autant sur le zirconium 


IONENSTROME IN DUNNEN ZIRKONOXYDFILMEN 


enschaften diinner Oxydfilme auf Zirkon, die durch Anodisieren in geeigneten 
wurden, wur 1 untersucht. Die vorliegende Arbeit beschaftigt sich mit den 
Gesetzen d Wachstums. Die gleichmidssige Struktur des Filmes wurde 
ren gezeigt, und seine Dicke wurde sowohl! durch optische als auch durch 
bestimmt. Bei Zimmertemperatur wurde diese proportional der Bildungs- 
t sehr viel weniger vom Strom bei der Filmbildung ab. Aus optischen 


telt. Kapazitatsmessungen ergaben einen Wert 


itskonstanten des Oxvyds zu 20 angenomme! 


zwischen dem Ionenstrom 


Wert 


eine Dicl 


I d F passing through the electrolyte is partly ionic and 
ntro “tion 5 . 
C uc partly electronic. Only the former is responsible for 
By anodising aluminium in suitable electrolytes, film growth. A _ similar investigation has been 
thin insulating oxide films can be formed. Some carried out for the thin insulating oxide films 
electrical properties of these films have been inves- formed on zirconium. Among the main differences 
tigated, and it was shown that the total current between these two metal oxides may be mentioned 
— - the interference colours shown by zirconium oxide, 
*Received December 22, 1952. 
tAtomi Energ. Research Establishment, Harwell, 
England. 
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and the higher electron currents which flow during 
formation. In this paper the ion currents associated 


Die elektrischen Eig 
Elektrolvte gebildet 
lonenstréme ind de 
durch optische Messu 
Kapa tiitsmessunget 
spa 9 geru de Sl 
Daten wurde eine Filmdicke von 21A per Volt crit 
von 20A per Volt, wobei der Wert der Dielektrizit arms 

Die Resultate der Versuche sind im I (lang mit folgender Bezichuny Ei as 
1, und de elektrostatischen Feld in dem Film 

wobei A 1 B, bei Zimmertemperatur Konstanten sind. Aus dem gefahren ME von B. wird 
geschlosse dass der Wall, der dem Ionenfluss s dem Metall entgegensteht, HMMKke von 2.8A 

Der Effe ler Anderung des Elektrolyt-typs wurde untersucht. Gewisse Elektrolyte, wie z. B 
erd te Schwefelsaur die auf Aluminium porige leitende Oxydtilme erzeuget formen aul 
Zit solierende Filme. Elektrolyte, die auf Aluminium isolierende Filme erzeugen, wirken i 
gleicher We se auf Zirko 


CHARLESBY: IONI(¢ 


with the formation of thin oxide lavers on zirconium 


will be considered. 
Determination of Oxide Thickness 


Two independent methods have been used to 
measure the thickness of the oxide layer which has 
been produced anodically. One is based on the 
optical thickness of the being 
compared with that of an air film of known thick- 


oxide, its colour 


ness. This leads to a value for 6u, where 6 is the film 


and yw the refractive index, assumed 


uniform. The other method is based on a 
between 


thickness, 
measure- 


ment of the electrostatic capacity the 
zirconium metal and the electrolyte. The capacity 
per unit area Cy in e.s.u. equals €/476 where €e is 
the dielectric constant of the oxide. 

Guntherschulze Betz [1] 


du and Cy for a number of metallic oxides, including 


and have measured 
zirconium oxide. To evaluate 6 they assumed that 
= At the 
measured this assumption is not true, so that their 
conclusions (leading to a value for e of 12.5) are not 
valid. A value for ¢ of about 20 is reported by the 
Titanium Alloy Manufacturing Company of New 
York, but this applies to the bulk material (badd- 
levite). An electron diffraction study by Hart [2] of 
the thin oxide films formed by our technique shows 


low frequencies at which Cy was 


that these films are largely amorphous in character, 


so that this value for e€ is not necessarily correct. 


A set of measurements of the weight increase, and 
the oxygen liberated during formation, carried out 
by Polling and Charlesby leads to a higher value for 
e of about 28. A direct determination of the refrac- 


tive index u for these thin films is described below 


Preparation of Specimens 
\urex 


Zirconium sheet metal (obtained from 
Ltd.) contained as main impurities hafnium (0.5 
3% (0.15% (0.08‘ nitrogen 
(0.04°7), iron Various 

cleaning the 
electropolishing. The most satisfactory results were 
obtained by polishing with emery paper down to 
0000 under a layer of white spirit. Finally the speci- 


men was cleaned in acetone and distilled water and 


oxygen 
(0.06% 


were attempted, 


carbon 


and means olf 


surface including 


then dried. 

Thin films of oxide were depe sited on the metal by 
anodising in suitable electrolytes, using a platinum 
cathode. In the case of aluminium the nature of the 
oxide layer is largely determined by the electrolyte 
used, and is very dependent on impurities in the 
metal and the electrolyte. A solution of oxalic acid, 
for example, produced a thick porous layer of 
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aluminium oxide even at relatively low voltages, 


and this film can be increased in thickness without 


any great increase in the formation voltage. A 


solution of ammonium borate on the other hand 


produces a thin film, which is insulating, and whose 
thickness is proportional to the applied voltage ove! 


a wide range. Similar insulating oxide films can be 
produced in zirconium, even in electrolytes such as 
dilute sulphuric which produce non-insulating oxide 
films on aluminium. 

Most of the experiments described in this paper 


carried out in ammonium borate 


Several 


were aqueous 


solution. experiments using other electro- 


lytes were also « arried out 


Vethod 


trical 
kept cons- 
cell 


\t the same time the 


If during film formation the current 


tant, the voltage V LCcross the electrolvti 


increases uniformly with time 


reciprocal capacity (1/C») rises uniformly, so that 


for any given formation current and temperature, 


the product Cy) V’; is approximately constant. This is 


lable | 


shown in 


Che slight change in Cy V;n be due in | 


the difference between the true formation voltage, 
which is applied across the oxide layer itself, and the 


quantity V,; which also includes the potential drop 


across the electrolyte 


that 


minimi 
ninimun 


It was observed 
required to initiate film growth. To elimina 


source of error it is convenient to consider tl 
dV,/d(1/C 
\t a given formation current 


temperature, dV ,/d(1/¢ 


instead of Cy V 


densit\ ind 


indepe ndent 


is constant, 


of film thickness 6. Measured in e.s.u 


dV; 
L/C 


where F; is the field across the oxide film and i 


independent ot 6. 


TABLE 
Qc 3 ( AS A NCTION \ ( INS ANT 
Specime 76 yminal are 10.3 cm?, 18°¢ 
12 30.9 4 72.4 85 180 245 ua 
Ca Vy 10.9 10.3 0.6 9.4 960 
uF volt } 949039 9 0 7.6 8.0 1 
S 


RGICA, 


rABLE I] 


VARIOUS FORMATION ( 


20—40 
L100 
200 
100 
200 
500 
L000 
2000 
LOO 
200 
500 


Table II gives some observed values of dV, d 


1/Co 
and the 


for various specimens and current densities, 
corresponding values of Fy, assuming a 
value tor ¢ ot 20. If the correct value for € is 28, these 
F, must be multiplied by 0.7. Table II 


varies but slightly 


values of 
shows that the formation field F, 
with the formation current \ tenfold increase in 


the latter onlv increases F some ten per ce 


Since the formation curren 1} ‘ises both an 
on current and elect urrent, each of which 


Varies fundamental 


formation is to un by tudving mort 
closely the v 

measure- 
The 
irger than the 


Tables | 


required to 


One possible sour 
ment of Cy, the capacity per unt irface are 
surlace are 


' 
geometrl issumed 1n 


minal 
tors 

to be large, 

ce specimens polished in a number of ways gave 
",, when Cow is computed 

In Table III for 

heavily 

20 cm 


scratched 
The 


carefully 


example, 
specimen, f noming area 
and ver 
ilues of C V 


pecimen then cleaned 
repolished, al | re 


I 
for these two different surtace treatments differ by 


‘anodised. The v: 


1 few per cent. The relatively high value of 


I 
\’, is due to the high formation current. 
It is concluded that at room temperature, assum- 
ing e equals 20, the field Fy across the oxide film 


required to produce appreciable ion flow and film 


VOL 


HEAVILY SCRATCHED 
SURFACI 


ALUES OF Co Vy FOR SPECIMEN WITH 


SURFACE AND (2) HIGHLY POLISHED 


Nominal area assumed = 20 cm?; i¢ = 5 ma/cm:? 


volts ; 169 249 


uF volts/cm? 
volts 


Vy uF 


volts/cm? 


growth is about 5 X 10° volts,/cm. is independent 


of film thickness, but increases very slightly with 


rise in the ion current. 
( ptr al Method 
ZrO; 


colour depend- 


Preparation of standards. Thin films of 
show strong interference colours, the 
ing on the voltage of formation at room temperature, 
ind to a much lesser extent on the formation current. 
Standards were prepared on four zirconium strips, 
successive intervals of 5 mm. of these being formed 
it increasing voltages at intervals of 4 volts. In most 
these voltage differences produced appreci- 
The total 


extended from 2 volts to 200 volts, each voltage 


regions 


ible changes in colour. range covered 


being covered twice on different strips. The time of 


formation at each voltage was two minutes. 


Other standards were also prepared in which the 
time of formation of each voltage was proportional 


the voltage of formation. There did not appear to 


iny great ditference between these two sets ol 


ind irds. 


The value of these standards is that by com- 


aring specimens with them an _ approximate 
] 


estimate of film thickness can be obtained visually 
Moreover, any changes in film structure or thick- 
ness resulting from various forms of treatment are 
re idils revealed. 

index. An estimate of 


Determination oO; refractive 


the refractive index of the oxide layer on zirconium 


was made by means of the change in interference 
colours observed when the film is viewed at oblique 
the difference in the 


the 


incidence. It is assumed that 


phase angles introduced on reflection at air- 
oxide or metal-oxide face is independent of the angle 
{ incidence. To verify this assumption the colour 
(10 volt 


angles of incidence in 


of a thin film was examined at various 
a medium of high refractive 


The 


Thus the colour changes 


bisulphide colours observed 


all. 


carbon 
little, if at 


index 


( hanged 
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TABLE III 
AT 
1} / ¢ } 
Specime ua /cm uF volt /cm 10° volt/cm Vy 
7 1] Co 11.7 10.8 10.3 10.4 
96 4.85 1.3 
2 Vy 67 110 246 
Z14 7.25 1.1 2 
19 C 11.4 10.51 9.87 9.65 
1.3 
Z21 8.2 
| 5 9 
3-9.9 5. 3-—5.6 
Z21G 8. 3-8.6 $.7-4.9 
5 
9 7 5.5 
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observed for thicker films when the angle of inci- colours obtained by anodising zirconium at various 
dence is altered must be due to the different path voltages can be compared with the colours of ai 
lengths. films of various thickness: knowing u, the 


It can be shown that, neglecting any changes 


in phase angle with angle of incidence, the optical / 


path difference as between rays reflected from the 
oxide-air face and the oxide-metal face is given by 
26u cos 8, where wu is the refractive index of the 
oxide, and 8 is the angle between the ray in the oxide 
and the normal to its surface. Thus if 8 = 0 the path 
difference is 26u. At any other angle the path ditfer- 
ence, and hence the apparent thickness of the film 
as determined from its colour, is reduced by the 
factor cos 

In the experiment, the standard oxide specimens 
were used. They were immersed in carbon bisulphide 
(of refractive index yu; = 1.632) and a series of 
pairs of voltages found V,, V, such that the colour 
of the film formed at V, when viewed at right angles 
to the surface was equal to that of the film formed 
at Vm viewed at glancing incidence. The observa 
tions were made in daylight by two independent 
observers. 

Since the film thickness 6 is proportional to the 
formation voltage |’, the ratio V,/1V, gives cos 6 
directly. Some values are given in Table IV. 4 

ilely Gequced 


rABLE I\ hig 


ures 1 and 2 show 


e and equiv 


Firm THICKNESS A NORMA 


INCIDI 


Since there is no appre¢ iable change in the \ 
of cos 8 throughout the range of thickness studi 
the neglect ol phase angle is justifiable. rom 


mean value of cos 8 (0.67) and the refractive 


] 


of carbon bisulphide, a value of 2.20 is obtained 
the refractive index of thin films of ZrO». This \ 
is probably correct to within several pet 
Since the refractive indices for the monoclinic bull 
oxide are 2.12, 2.19, 2.20 it appears that these thu 
oxide layers have a refractive index similat 

of the bulk material. In the following calculations 
value of 2.2 is used. 

The corresponding value used by Gunterschulz 
ind Betz [1] is 3.45. Hence their estimated film 
thicknesses are too low by a tactor of 3.45/2.2 o1 
1.57, and the field across the film too high by the 
same tactor. thet 
Veasurement of optical thickness. The range of proportional 


/ 
/ 
/ 
/ 
/ 
2050 16 
| 
e th “ness n he mmed 
GLAN( 
rol LO! range oO! tormatiol oltages 
(| nd ra rorm Til T\ | Té 
t 20°C. The air thicknesses « ent t givel 
} 9 19 60 64 6 7 79 79 87 
Va 60 72 ) O7 olour re -en trol the hlec Rollet 4 
B 0.65 O.68 0.62 0. 66 0.695 0.654 7 OR ) 
1} The plots { ~ 
( 
ndaex roug! t the 
sto pe ce ons | ie 
learit shows tl t tne nll tn ess 1S 
Tor ITIOT Olt ice) t} eT 
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mental error. The slope ol the curve elves an optical 
film thickness 6u of 46 A per volt. Similar experi- 
ments by Guntherschulze and Betz gave a value of 
13 A pel volt. 

Witha refractive index ai of 2.2, as deduced above, 
the film thickness 6 amounts to 21 A per volt. This 
compares with the value of 20 A per volt, deduced 
from capacity measurements 
20. The 


to the optical measurements is 4.8 X 10° volt/cm. 


on the assumption 


that « formation field F, corresponding 


Ion Current as a Function of Field Strength 


fields in the neighbourhood of 


the 


\t formation 
LO! 


5 & volt/cm, formation current increases 
very rapidly with field strength. Measurements of 
the weight increase of the zirconium specimen, as 
compared with the total charge passed, show that 
not all the current contributes to film growth. It is 
assumed that the formation current comprises both 
ion and electron currents, each of which varies with 
the field strength. In the case of aluminium anodised 
in ammonium borate solution, at current densities 
of the order of 1 ma/cm?, the formation current 
is almost entirely ionic. It was therefore possible to 
use several methods to relate ion current (7.) to 


Che formula deduced can be written: 


= A, exp B,F, 


where A,, B, are constants at a given temperature. 
\t 20°C, BF is about 30 for aluminium oxide. 

On the basis of this formula, it was shown theoreti- 
cally t] that 
ion current decays with time at a rate which depends 
Ol B. F. | hus if B.Fis ibout 12,.d log d log t = 

0.87, ~ 32, d(log 1,)/d(log = 
where 
at constant voltage 


\fter 


so that 


it constant formation voltage V, the 


while if 
0.94. Moreover, the product 
s the formation time , and g the 


ion charge/cm? passed in time the first few 


increases very slowly, .t is nearly 
7 hese the 


oxide films formed on aluminium. For oxide 


seconds 


conclusions were verified in 


ise 


films formed on zirconium they can no longer be 


ipplied owing to the intrusion of an unknown large 


electron current. The slope d log tr) /d log l 


much lower than that deduced from the formula 


1), giving values of about — 0.6 to — 0.7 for various 
specimens while the product 7, ¢ varied from 0.066 
10 minutes to 0.3 coul/cm? after 
These that the 
electron current is not negligible and that it decreases 


coul/cm? after 


1000 minutes. results indicate 


with time less rapidly than the ion current. 
There remains a method of relating 7, and Fy, 
involve the electron current, and 


which does not 


RGICA, 


VOL. 1, 1953 

which has been found to give satisfactory results in 
the case of aluminium oxide films. This is based on 
the at 


constant formation voltage. It has been shown [4] 


measurement of film growth with time, 


that if formula (1) is valid, the relationship between 


film thickness 6 and time ¢ at formation voltage 
V, is given by the following relation: 


(2) log — (mB. V;/6) +c — log (A, r/B, 


V;) 
where r = 6/g and m and ¢ are quantities which 


vary slowly with time. Their values are given in 


Table V. 


rTABLE V 


CALCULATED VARIATION OF PARAMETER #1 AND C WITH B.V/8 


10-15 | 15-20 | 20-25 | 25-30 | 30-35) 35-40 | 40-45 | 45—50 


$54 .452 
3.94 3 3.6 3.58 | 3.48 


Replacing the film thickness 6 in terms of the 
capacity Cy) per unit area, 


A (log t) = — mB,V;,ACo/iCy = — mB,F; AC/C, 
where C is the capacity of the total area of the 
specimen and AC is the charge in this capacity in 
time corresponding to A log ¢. No measurements 
of ion or electron current are necessary nor need the 
surface area be known. 

Plots of AC against log ¢ for specimens formed at 
various voltages gave linear relationships over 
ranges in time of over 100 to 1. Some values of 
mB.,F, obtained from these plots are shown in 
Table VI. From the mean value of 8.3 for mB.F, 


rABLE VI 


ECAY OF CAPACITY WITH TIME AT 18°C 


\MMONIUM BORATE SOLUTION 


CA(log t 
AC 


Specime! = mB.F 


Range 


2—-1040 
7 as 


23-90 
3-1100 
S—160 


a value of 17 for B,F, and 0.48 for m are deduced. 
Then if Fy~5 X 10° volt/cm, B, equals 3.4 X 
10° cm/volt. 

From the mean value of 8.3 for C A(log #)/AC, a 
mean value of 17 for B, F, and 0.48 for m are deduced. 


| 
BV /6 |) 
50 iS 17 
volts minutes) 
= 
Z14 24.5 8.2 
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Change of Colour with Time 


The increased film thickness is also demonstrated 
by the change in colour with time. Two specimens 
70.4 the 


specimen being kept at this voltage for times from 


were formed at volts, different parts of 
one to 1000 seconds. Small changes in colour were 
observed; these could be matched visually against 
the standard zirconium oxide films, formed at 
various voltages for two minutes. Over a small 
range of colours it is justifiable to take the film 
thickness as proportional to the formation voltage 
at a constant formation time. 

Plots of 1/1 


matching the colour of the specimen, and therefore 


", (V, being the voltage of the standard 
proportional to its thickness) against log ¢ gave 
approximately linear relationships, confirming for- 
mula (2). The values for mB,F in dilute sulphuric 
electrolyte were 10 + 1, 
the 


or in ammonium borate 


agreement with electrical 


in approximate 
capacity measurements. No great accuracy can be 
claimed for these optical measurements, since the 


range of colour variation observed is small. 


Formation Rate 


formation rate dV,/i, dt is the rate of 


rhe 
increase of formation voltage per unit current den- 


sity, and is usually expressed in volts/min per ma 


cm*. From it the current efficiency 7, i.e., the propor- 


tion of the total current which goes to build up the 


film, can be estimated. If the total formation 


current 7, consists of an ion current and 


electron current 7_, 7 then 


nr F ,, 
aq 


where dq is the ion charge per unit area needed 


increase the film thickness by dé, and 


constant ratio dg/ér. For ZrOs, r equals 319 
p, where p is the density. If p equals 5.7, as for the 


bulk 


maximum 


monoclinic oxide, r equals 56 X& 10 


occurs when 


formation rate 


unity and the formation current consists entirely 


of ions. It then amounts to 56 X *. or 17 


volts/min per ma/cm® if Fy~ 5 X volts ‘cm 
(e = 20). This maximum formation rate will van 
slightly with formation current, since a small change 
in Fy, produces a large change in 
lo measure 7, a specimen was formed at 

current densitv over the entire voltage range 

volts) but with interruptions for the measurement 
ol capacity. It Was then repolished and reformed at 
density over the same voltage 


a different current 
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3 shows that for a given formation 


range. Figure 


current density the formation rate, represented 


by the slope of each curve, is constant; moreover, 


it ink reases with 7 f- ‘| his is to be expec ted since both 


increase with 


n and F,; in (3 


In Figure 4 are shown plots of | 


ret iprov al ity | he slopes are proportior al 


to F,;; it is seen that these varv but slightly with 


current density hus most e variation in 


formation rate wit irrent density arises from 


th 


» nere 


rapid increase 1n 


I 


consistin 101 hese results 


current 


n Table VII. The formation current « not Q1 


ting the electrolyte 


exceed 2 ma 


hence aft til formation rate 


250 a 
> 
> x 6 A 
. Format 
n 
| 
FIGURE 3. Variation of pplied potential wit harge 
953 
3 
|): 
dV, d | 
1,al ly al 
} { \ 
RE 4 \ ‘ plied pote 
(cm? without heal and 


low formation current 


ncv should become very small indeed. 
this con- 
\ specimen Z24 was polished and cleaned 


tS volts. 


nt was carried out to verity 


it, and tormed tor 5 minutes at 


ind colour were measured, and it was 


\BLI 


ELD S AND ( 


URREN 
CURRENT 


20 cm?, 


then me va ] i. hicl | 
then connected to a voltage supply which passe¢ 


Ma 


Che total charge 
cm?. If all 
film 


cm- tor eriod ot 6 davs 


passed Was < { 


5 coul the charge 


the increased thickness 6 
should be 14000 A. In 


change in 


consisted ol ions 


fact there was no appre iable 


thickness as measured by 


Capat ity or 


colour changes, although a variation of 100. 


would be readily detected. It is concluded that the 


current efficiency must be less than 0.7 per cent at a 


+ 


current density of 5 wa 
Table 


PIVe a relationship between 


cm 
Che data in VII could in theory be used to 
and F 


ot values of the latter is too small to provide reliable 


. but the range 


results. However an approximate value for A¥4 in 


formula (1) can be deduced assuming that BF, ~17 
s deduced above. Thus if 
ind A. is of the order of 10 


approximate 


1 ma/cm*, 7 ~ 0.39 


amps/cm? at about 


value only, which 


| his is il] 


further experiments have shown to vary rapidly 


with temperature 


Effect of Electrolyte 


Insulating oxide layers can be produced on zircon- 
ium with a wider variety of electrolytes than is Pposs- 
ible in aluminium. Thus it is possible to anodise a 
zirconium specimen in an electrolyte consisting of 
dilute sulphuric acid, and obtain an insulating layer; 
in the case of aluminium the film produced is porous, 
ind thick films of the oxide can be produced at low 


voltages. On the other hand, no insulating films on 


RGICA, 


densities the 


i, 


either metal can be produced in an electrolyte 


containing chlorine ions. 

Some preliminary experiments have been carried 
out on the effect of different electrolytes. Different 
strips of zirconium cut from the same polished 
specimen were anodised in dilute boric acid or salt, 
citric acid, sulphuric acid, phosphoric acid, nitri: 
sodium chloride, potassium carbonate, and 


the 


acid, 


chromate. Measurements of formation 


d| ldl 


rate 


the capacity per unit area Cy, and the 


colour were used to indicate changes in the oxide 


structure. 
Oxide layers prepared in citric acid, ammonium 


borate or boric acid were found to be similar in 


colour and ( apacity ata given voltage (i.e. thickness 
and formation rate. Dilute sulphuric acid used as an 
electrolyte produced apparently somewhat thinner 


films (as measured by colour or capacity) than 


were produced on boric acid under identical condi- 


tions of formation. The difference in film thickness 


of about 10 per cent is however not necessarily 


significant. Insulating lavers could be formed in 


dilute nitric acid, but here the character and 


structure of the film were different. This conclusion 
is confirmed by an electron diffraction study of the 
surface [2], which shows that the oxide consists of a 


ZrO. (ay = 5.103 A) 


is anodised in 


cubic modification of when 


zirconium nitric acid (0.1 normal), 
whereas dilute sulphuric, borate etc., give patterns 
contain some 
5.103 A). Potassium 


carbonate electrolyte produces an insulating layer, 


which are mainly amorphous but 


crvstallites of cubic (a) = 


dilute 
sulphuric acid. No film could be formed in a sodium 


somewhat different from that obtained in 


chloride electrolyte, while in an electrolyte contain- 
ing potassium chromate thick films were produced 
which flaked off very readily. 

These results indicate that the character of the 
film pre duced in different electrolytes varies not only 
but with the metal as well. 


with the electrolvte, 


An 


produces an 


electrolyte containing dilute sulphuric acid 


insulating film on zirconium, and a 


porous film on aluminium, whereas boric acid 


produces an insulating film in both cases. Moreover, 
different types of insulating films can be formed. 
due to differences in the 


the 


This difference cannot be 


electron currents, since these affect 


but 


apparent 


formation rate, not the final film thickness 


obtained after prolonged formation. These results are 
consistent with the assumption that the different 
electrical behavior of thin films, for example of 


aluminium oxide, anodised in various electrolytes, 
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arises trom the difference in solubility o 
formed. 


Discussion 


Two different methods—one electrical, the other 


optical- lead to the conclusion that the thickness 
ot the oxide layers formed by anodising zirconium 
in suitable electrolytes is proportional to the forma- 
voltage. At 20°C the 
amounts to about 20 A per volt, corresponding to a 
field 


uncertainty in the value of the dielectric constant e, 


tion thickness of the oxide 


intensity of 5 XK 10° volt/cm. Owing to the 
the true value may indeed be different; between 
30 A and 12.5 A. The value deduced by optical 
means gives 21 A per volt, which agrees with the 
value deduced if « ~ 20. If the formation current is 
reduced by a factor of ten the film thickness at a 


given formation voltage is increased very slightly, 


by only about 10 per cent. 


The relation between ion current 1, 
can be expressed in the same form as for aluminium 
oxide: 

A, exp 
but in the case of zirconium oxide A, ~ 10 
volt. According 
jae kT, 


trough to peak Opposing ion 


amp/cm* and B, ~ 3.4 cm 
to Mott's theory of oxidation, B, where 
a is the barrier width 
ibsolute 


flow, 3e is the charge per ion, 7° is the 


the oxide 


and field F 
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Boltzmann's constant. With 
2.8 A 


is lower than for aluminium 


temperature, and 
the value tor B. of 3.4 &* 10-8, a 

Che current efficienc 
oxide, owing to the high electron currents flowing 


during formation. To produce current efficiencies 


ipproaching 100 per cent would require very high 
iting of the 


current densities, in which case the hx 


elec trolvte would be considet ible 


The range of electrolytes in which insulating 


films are formed on zirconium is greater than for 


uuminium. This is presumably associated with the 


smaller solubility of the zirconium oxide resulting 


in a less porous structure 
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ELECTRON AND PHOTOCURRENTS IN THIN FILMS OF ZIRCONIUM OXIDE* 


A. CHARLESBY?t 


In the previous paper the formation of thin oxide layers of zirconium by electrolytic means has 
been discussed. This paper deals with the flow of electron and photoelectric currents when electro- 

tic fields are applied across thin oxide films formed on zirconium by electrolytic means. 
\t electric fields insufficient to produce appreciable ionic flow, an electron current 7_ is observed 
which depends on the field strength F: 

1. = 2A_ sinh B_F, 
_ vary with temperature, 
A_=A exp — U/kT), B = ae/kT. 

\ physical interpretation of this phenomenon is that the applied field helps the electrons to surmount 

energy barrier of height U’, and half width a. The values deduced for U and a are 0.375.e.v. and 


t 
Sld 


> 


3.6A. A phenomenon of ageing is observed. An oxide film kept at voltage for long periods shows a 
marked reduction in the value of Ao. Possible reasons for this ageing phenomenon are discussed. 
Photocurrents through the film are observed when ultra-violet light falls on it. The relationship 
between the photocurrent 7, and the field F is similar to that observed_for the (dark) electron current 
but with different values of the constants: U = 0.15 e.v., and a = 2A. No ageing effect is observed 
the photocurrent. 


LES COURANTS ELECTRONIQUES ET PHOTO-ELECTRIQUES DANS DE MINCES 
COUCHES D'OXYDE DE ZIRCONIUM 


précédent traitait de la formation de minces couches d’oxyde de zirconium par vole 


L’article | 1 
électrolytique. Cet article-ci traite de l’écoulement d’électrons et de courants photo-électriques 
produits par l’application de champs électrostatiques a travers ces couches. 

Quand les champs sont insuffisants pour produire un échappement ionique appréciable, un courant 

est observé, il dépend de l’intensité du champ F: 
1. = 2A_ sinh B_F, 
température suivant les expressions, 
U/kT), = ae/kT. 
ne est, que le champ appliqué aide les électrons a surmon- 
riére énergé ‘hauteur LU’ et de demi-largeur a. Les valeurs déduites pour U’ et a 


e.v. et 3,6A respectivement., Un phénoméne de vieillissement a aussi été constaté; une 
yde maintenue sous une différence de potentiel pour de longues périodes, montre une 
de 1 o. Les Causes possibles de ce WV ieillissement sont discutées Des 

ybservés a travers la couche, quand de la lumiére ultra-violette 

le courant photo-électrique 7, et le champ F est semblable a celle 

ronique, mais avec des valeurs différentes des constantes: U = 0,15 


irants photo-électriques, le vieillissement n'a pas été constaté 


LEKTRONEN UND PHOTOSTROME IN DUNNEN ZIRKONOXYDFILMEN 


rgehenden Arbeit wurde die Bildung von Oxvdschichten auf Zirkon durch elektrolv- 
t Die vorliegende Arbeit behandelt Elektronen- und photoelektrische 
tische Felder an den auf Zirkon elektrolytisch gebildeten 


trom hervorzurufen, wird 
1. = 2A_ sinh B_F, 
der Temperatur abhangen, 
A_ = Ajexp - U/kT), BL = ae/kT. 

Deutung dieser Erscheinung ist, dass das aussere Feld den Elektronen hilft, 
le der Héhe U und der Halbwertsbreite a zu iiberwinden. Die fiir U und a entnom 
’. und a = — 3.6A. Ein Alterungsphanomen wird beobachtet 
iten unter Spannung gehalten wird, eine deutliche Verringerung 
he Griinde fiir das Auftreten dieser Alterungserscheinung werden 
beobachtet, wenn ultraviolettes Licht auf diese Filme fallt. Die 
vischen dem Photostrom zp und dem Feld F sind der des Elektronen (dunkel)stroms 
edoch andere Werte der Konstanten: U’ = 0,15 e.V., a = 2A. Im Fall der Photostréme 

r be obac hte 


hotostrOme werde1 


; the current flowing through these films consists 
Introduction largely of ions, which cause the film to grow. At 
In a previous report {1] it was shown that when lower voltages V across the film the current is 
aluminium is anodised in suitable electrolytes mainly electronic in character, and no film growth 
e.g., ammonium borate) thin insulating layers are occurs. The relationship between electron current 
formed. At voltages close to the formation voltage i_ and field F across the film obevs the relationship 


2A_ sinh B_F = 2A_ sinh B_V/6 
*Received December 22, 1952 = 9 | 
TAtomic Energ\ Research 

England. where A_ and B_ are parameters depending on the 
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temperature, 6 is the film thickness, and I’) equals 
6/B 


model in which the field F is necessary to enable 


. The formula may be derived from a physical 


electrons to surmount a barrier (of height U and 


halt width a) opposing the motion of electrons 
through the film. Then it can be shown that 
A_ = Ayvexp (— U/k7 
= ae/kT, 

A, being a constant independent of temperature. 

This relationship has been studied in greater 
detail in the case of oxide layers on zirconium. The 
phenomena associated with the ageing of the speci- 
men are also investigated. The technique of film 
formation and the study of oxide growth are dis- 
cussed elsewhere. 

When ultra-violet light is incident on the oxide, 
increased electron currents flow. These photoelectric 


currents are also studied in this paper. 


Electron Current at Room Temperature 


For a number of specimens the current flowing 


through the films at room temperature has been 
measured as a function of applied voltage across the 
electrolytic cell. Since the resistance of the am- 
monium borate electrolyte is small compared with 
that of the oxide film, the same voltage is also applied 
across the film, apart from any potential drops at the 
various surfaces. For the higher voltages and thicker 
films these may be neglected. 

Provided the applied voltage V is less than about 
90 per cent of the formation voltage, the current 
entirely of electrons. This can be 


consists almost 


shown to be true if the constants in the formulae 
relating ionic and electronic currents to field strength 
are known, but can in any case be verified directly 
since measurements of capac itv before and after a 
series of electron current measurements indicate 
that the film has not grown in thickness. 

The values of A_, B 
1 against V on log-log paper and comparing the curve 


sinh x 


are determined by plotting 


obtained with a plot of yagainst x (where y 
on the same scale. This latter curve is character- 
ized by a linear portion of unit slope for x < 0.8 
and a rapidly increasing slope for higher values. 
Thus a direct and fairly accurate determination of 
the constants A_, Vo is possible, V being equal to 
6/B 
The 
measurements of the capacity of the oxide 
that the 


film thickness 6 itself is determined from 


film. 


In the following tables it is assumed 


dielectric constant ¢ of the oxide layer is 20. 
Table I shows typical sets of results for two 
eTrors 


specimens. The value of B_ is unaffected by 


PHOTOCI 


RRENTS IN 


ELECTRON CURRENT 


= 2A 


in the area of the specimen ; A is dire tly attec ted 


by such errors, but this error is quite negligible when 
| 


compared with the other factor involved, namely 


the age of the specimen. If measurements 


~ 


are taken 


immediately after formation of a specimen, high 


values of A are obtained. If the specimen is 


allowed to age, i.e. to stand for some time at torma- 


tion voltage, A de reases rapidly | his elfect is not 


due to the increased film thickness which occurs 


ageing since this increase is small (of the 


during 


order of 10 per cent) and is taken into account 
Capacity. In 1m" cast 


errors in film thickness do not ct A_, but 
Ol B 


Che age of the specimen 


the measurement of the 
ilter 


in also be repre sented 


by the value of the current 7, measured at the tor 


mation voltage. When a specimen is allowed to ; 


the formation current decreases with time. This 


in part due to the decrease in ion current 7, whicl 


is included in the total current ind which varies 


rapidly with the applied field. At constant formatiotr 


voltage V, the film thickness increases slightly w 


and the small resultant decrease 


a considerable elfect on ind hen¢ 


is less 


Che elec n current 


by the small change in F that for 


specimen the total current is mainly electror 


it formation voltage. This decreas« 


Table I (50 


The cause ol the ageing ol oxide films has not 


is shown in 5 volts 


been determined. It cannot be due to space cha 


building up in the since an 


film, 


retains this characteristic even when allowed 


days without any applied voltage 


stand for 


AS FUNCTION OF FIELD 
j_ sinh B_F; temperature 18° 
Spe iy of 
Z14 10.2 OO 0.08 7 
i! e 24.5 7 0 ) 8 
50 cm? 50.5 ) ) 
00 18 7 0. 4¢ 
250 oF 000 2 ( 
Z5 70 0.08 
Sur P 170 200? ew 0 0.7 
) 00 ring 0 
ce, field / 
has 
| affected 
an aged 


‘ise from changes in the structure 


film, imperfections occurring during the 


film being annealed out. 
the B for Z14 


in part from the difference between 


} +} 
rr vt the 
PTOWTN O 


nces between values 
nd Z5 may arise 
and nominal 
No 
he results ft this difference, 


t change in B 


it is pr ssible to obtain values of 


true surface areas for these two 


specimens. has been made to correct 


ittempt 
which is unknown. 


Chere is a with V,, but this is 
not significant, since 
B_ more nearly equal without greatly altering the 
goodness of fit with the sinh curve. 

Figure 1 shows the effect of formation voltage V 


ind specimen age on the relationship between 


I applied 


The 
while the digits represent 
and B 
ponding to these curves are given in Table II. 


electron current and voltage. curves are 


computed sinh curves, 


observed values. The values of A corres- 


thin films, corresponding to a 


10 volts, A and B 
thin the 


Except for ver\ 
formation voltage 1’, of about 
films 


the 


ire independent of I, For very 


potential drop elsewhere than across oxide 


layer may form an appreciable part ol the total. 
the 


It is of interest that similar deviations for 


thinnest films are observed in the product Cy) V 


RGICA, 


VOI 


PABLE II 


FILM AGE AND FIELD 


Z22; 


ELECTRON CURRENT AS A FUNCTION OI 
sinh B_F; specimen 


10 cm?; 


and in the work on photocurrents described below. 
This potential drop may arise at any of the inter- 
faces present in the electrolyte cell. Another possi- 
bilitv is that minute surface irregularities or corru- 
gations are the the 
If these are of the order of 10-100 A in height, the 


true surface area will be greater for thin films than 


present on surface of metal. 


for thick ones. The measured value of the capacity 
will then be higher for such thin films, leading to 
a high value of Cy V;, a low value for 6, a high value 
for the field F and for 1/B 
for the initial formation rate. All these are in 


value 
fact 


as well as a low 


observed. 


\t very low currents (< lywa/cm?) hysteresis 
effects appear; the electron current depends not 
only on the applied field, but to some extent on the 


The 


current will be different depending on whether the 


previous history of the specimen. electron 
field was lower or higher previously. This effect is 
ascribed to the formation of space charges within 


the oxide layer, or at its surface. 


Effect of Temperature on the Electron 
Current 
the electron current 


field strength 


rises rapidly with temperature. Figure 2 shows this 


At constant 


rise for a specimen of thickness 2700 A (from capac- 
ity Measurements, assuming € equal to 20) and under 
a constant potential difference of 54.5 volts. The 
mean field throughout the film is 2.0 K 10° volts/cm, 
which is well below the field required to produce 
The the 


film can be represented by 


appreciable ionic flow. current through 


the empirical formula 


(— W/kT), 


= 1) exp 


where 7) = 5 amps cm’, WV = 0.46 e.v. 
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shortly after formation, and the variation of A 
with age is small compared with the change due to 
temperature 
he quantity V»/67° shown in the last columns 
should not vary with temperature if a is constant. 
In fact a small variation is observed, of the order of 
10 or 20 per cent. In view of the wide variation in 
A a range of over 70 to 1) it is doubtful whether 
this is significant. Differences in the value of V,)/6 
tor different specimens are most probably 
to errors caused by taking the true surface 
FicurE 2 Electron current as a function of temperat is equal to the nominal o1 geometrical surface 
measured at a field strength of 2.0 & 106 volts/cm 


Figure 3 shows that the variation of electron 
current with applied fields obeys the sinh function 
closely over a range of temperature. The equation 
for electron current can be written 

= 2A_sinh B_F = 2A_ sinh V 
2A_ = 2A,exp ( — U/kRT), Vo = dk7 


where LU represents the barrier height, and a the 
barrier half-width opposing the flow of electrons 
through the film. 


100 ua ry 

A\\\ FIGURI lect n Ir! t Variatior parameter 

with temperature. ex} U/kT), | 0.375 

2\ \ 2A 3.3 & 104 

6 

h \\\\ 
area. These errors are directly reflectec 

ponding change in B 


represents the half-width of the potential barrier 


Opposing the flow of electrons so that these values, 


of inter-atomic distances, 


which are of the order 


are very reasonable. This conclusion is rendered 


more convincing when it is remembered that at no 


e have molecular distances been introduced, 


Stag 


ill measurements of capacity, current, and voltage 


being ol a ma roscop character Phe barrie 


height (0.375 e.v.) also appears reasonable 


PrABLI 


FIGURE 3. Electron current as a function of applied BFECT Ol 
voltage at various temperatures (see Table II). Curves are 
computed from sinh formula; digits are observed values 
Run lemp Rut Temp Run Temp 
15 60°C 100°C 
80°C 
90°C 


The values of A_, Vo, 1/B_ and of k/ae tor best fit 
of each curve are given in Table II]. The variation 
of A_ with temperature, shown in Figure 4 obeys 
the required equation, with 2A » equal to 0.033 amps 
cm’, and LU’ equal to 0.375 e.v. No account has been 


taken of ageing since all readings were taken 
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Effect of Surface Impurities on the Electron 
Current r OF GRAPHITE ON FORMATION RATE AND ON ELECTRON 
CURRENT 
Specimen Z31) 
electron currents are related in any wavy to the 


\ttempts were made to discover whether the 
presence of impurities on the surface of either the 
metal or the oxide. The major impurities in the 
zirconium used were hafnium, carbon, and iron. 
The effect on the formation rate, the capacity, and 
on the electron current was observed of increasing 


the amount of carbon by a large factor. To avoid at iy 1000 
10 


introducing differences surface structure or 


polishing technique adjacent parts of the same 1760 1800 


specimen were used. 

A specimen was polished with emery down to 
0000, metal polish, washed in ether, acetone, and 
three times in distilled water. An area of 0.5 cm? in 
the middle of the specimen was marked with a 
graphite pencil. The area 5.4 cm”) of the lower third 
of the specimen (a@) was uncoated, that of the 
middle third (8) (5.4 cm?) contained the graphited 
surface. The top third was not used. Table IV 
shows that the presence of graphite on the surface 


has no noticeable effect on the electron current. 


rTABLE IV 


EFFECT OF SURFACE CONTAMINATION ON ELECTRON CURRENT Table V shows that there was no significant 
27 difference between any of these spec imens in spite 
of the enormous range in surface impurities. 

Aiter formation, the graphite laver was found on 
the surface of the oxide-layer, from which it could 
be rubbed off quite readily. The oxide layer growth 
therefore took place below each eranule. It is inferred 
that surface impurities are not primarily responsible 

1000 =2000 ©1000 for the electron current. This view is supported by 
100 160 the ageing phenomenon: aged films give a consider- 
sped ’ ably decreased electron current, due to a reduction 


in A_, while B_ is unchanged. This would seem to 


Ht) 
0) indicate that the electron current is related to 


imperfections in the oxide layer structure, which 

gradually anneal out. However the possibility that 

\n ar the oxide film was coated with space charges form, and inhibit electron flow, 
graphite after formation. This produced no effect cannot be ruled out. 


on the electron current 


Photocurrents Produced by Ultra-Violet 


In a second experiment three strips of the same Pine 
Radiation 


specimens were used. One was uncoated, the other 
graphited with a pencil, and the third painted with In the presence of ultra-violet radiation, the 
iquadag. The formation rate and capacity were electron current through the zirconium oxide film 


measured, the latter at two formation currents. A is increased. No changes in colour or capacity take 


] 


complete set of electron current voltage curves ior place, so that anv ion current arising irom this 
newly formed = 0.45 ma/cm?) and older (4; radiation must be negligible. 

0.18 ma/cm films were also obtained. These When ultra-violet radiation is first allowed to 
fitted the sinh curve formula in all cases, with similar fall on a thin film of the oxide, the electron current 
values of B_. increases immediately (< 1 sec.) to a higher value, 


352 
Ungraphite Graphite Aquadag Units 
1 cm? l cn 
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Ma I 
Fle tr 
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then rises more gradually. If the radiation is removed, 
the current drops rapidly to a value which is higher 
than the original ‘“‘dark’’ current, then sinks very 
slowly to its previous value. 

The explanation appears to be that ultra-violet 
radiation produces a photoelectric current 7,, and 
the 
presumably by reducing the space charges present 


in addition increases dark electron current, 
in the film. In the case of aluminium these space 
charges produce an electric field opposite to that 
applied externally, and hence reduce the electron 
current flowing. The partial destruction of these 
space charges by ultra-violet radiation therefore 
results in an increased dark current after the end of 
exposure until sufficient time has elapsed for the 


charges to be reconstituted. 


Photoelectric Current and Applied Field 


Specimen Z22 was formed at a number of voltages, 
and aged for different periods. The light source 
consisted of a Mazda stabilised ultra-violet lamp 
placed at a distance of 17.5 cm. from the specimen. 
The photoelectric current was taken as the difference 
between the total current after 10 seconds exposure, 
and the mean dark current immediately before and 


after completion of exposure. Figure 5 shows 


|} curves are calculated 
from formula 

Ip = 2Ap sinh BpF 

numbers are observed 


5 
23 
96 
50 


ves are calculat 


F sinh functions 


appiet 


Photocurrent as a function of apy 


(see Table VI 


FIGURE 5. 
film thickness, and age 


I eld, 


the photoelectric current, plotted as a function of the 
applied voltage, compared with the sinh function 
adjusted for best fit: 

= 2A, sinh B, F = 2A, sinh V/V,, V, = 6/B,. 


Values of A,, V,, and B, are given in Table VI 


PHOTOCI 


RRI IN THIN MIS 


| he 


measure- 


for films of various thickness and film 


ages 


thickness 6 was deduced from « ipacity 
ments, assuming as before the nominal surface are 


and « equal to 20. 

rABLE VI 
FUNCTION OF AGI 
\PPLIED FIELI 
Nominal sur specime 722 LO cr 


Surface exposed to ultra-violet rad 


PHOTOCURRENT AS A HICKNI 
AND 


lace ol 


formed 
().] 


Except for the thinnest films, newly 


films (e.g. run 1) and the lowest currents 


ua/cm”) the agreement with the sinh function is 


good. The dis« repancy in the case of the thint 


lest 
films agrees with similar discrepancies observed fot 


ion and electron currents, the formation 


volt ige 1s Ol the order ol volts or less, ind Is 


probably in part du values 


‘erroneous 
Che 


} ; ] 
pnotoelec 


deduced from surements 


the capacity me 


departure from the sinh low 


currents, while not rtain, could readily arise 


the slow destruction 


by the ultra-violet light. Th space 


sufficiently great to give currents comparab 


those measured; moreover, the tim 


equilibrium at low 


considerable (of the I f minutes 


equilibrium may reached 


Che 


formation 


coefficient l be indepet 


CKNeSS, 


voltage 
electron current. Unlike the latter it is 
dent of film age 
Che coefficient B, is also independent ol 
but shows an appreciable increase with fil 
ness, the increase being about 60 per cent for 
in film thickness of about 20 times. The reason for 


this increase is not clear. It cannot be due to 


absorption of the ultra-violet, since this would affect 
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A, rather than B,. The value of B, is obviously 


different from B_, which is obtained from measure- 


ments of the dark electron current. 


Effect of Temperature on the Photocurrent 


Figure 6 shows that the photocurrent at a given 
field is affected by temperature, though to a much 
Table VII 


the 


lesser extent than is the electron current. 


ives the values of A,, V,, and B, tor sinh 


curves shown in this figure. 


5T is independent of tempera- 


th the electron current it can be 
put equal to k/ae. If V,/67T = 4.3 X 10%, a = 2A. 
[his distance is different from that for the dark 


electronic current, but is again of atomic or electron 


orbital size 


The coefficient A, is found to vary with tempera- 


ture. but to a much less marked extent than for 


RGICA, 


1953 


the dark current. It can be represented by the 


equation 
2A, = 2A, kT 


exp (— U, 


~ 700 pa/em’, U, ~ 0.15 


Conclusions 


The electron current 7 — observed in thin oxide 
layers on zirconium depends on the average field F 
through the film 

= 24. sinh BF. 

The results obtained are consistent with a theory 
that the effect of the field is to assist electrons to 
move over a barrier which opposes their motion. 
the this 


barrier, the theoretical formula for electron flow is as 


and a_ represent dimensions of 
follows: 
= (— U/kT) sinh (aeF/k7 


The observed results give values for U and a of 


0.375 e.v. and 3.6 A. The quantity A» varies markedly 
with film age, and this tends to show that the electron 
current is associated with film imperfections which 
heal with time. Experiments with graphite on the 
oxide surface indicate that the electron current is 
not primarily due to impurities in the film. 
Photocurrents are observed when the oxide laver 


is exposed to ultra-violet light. These mav be due 
in part to the destruction of some space ¢ harges in 
the film. These currents were not found to promote 
therefore be electronic in 


field 


dark) electron current. 


erowth and 
Their 


similar to that for the 


film must 
strength is 
The 
0.15 e.v. 


2.0 A. Film age has noeffect on the photocurrent, 


character. variation with 


ints LU’ and a are different however 


consti 
ind 
therefore be due the healing of 


which cannot 


e impertections, but must be intrinsic to the 


“ucture. 
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ON THE POROSITY OBSERVED IN THE KIRKENDALL EFFECT* 


An attempt is made to interpret the formatior voids in tl rk ill e rit terms of 
preceding analyses of vacancy diffusion. In particular, use is made of the vi Wpoi t that the presence 
of voids is related to a super-concentration ol vi i l l some |! ion of tl / 
pointed out that the expressions obtained for the vaca urrent in preceding 
derivation of relations governing the superconcentration, when amplified with 
appropriate concepts and parameters. It is concluded that the maximum excess 
+} 


he time requl ed for 


1¢ 


vacancies is achieved in one edge of the diffusion zone whe 
through this zone is equal to the lifetime of the vacancy ¢ that the superconce 
could aC hieve values ol about 2 In the Cases | yvhnhicn vol ( latiol ha 
formation of voids actually does not limit the att | 

of voids in a number of couples, such as Cu-Ni, C 

suitable assumptions, to estimate the lifetime of a vaca 

jumps is obtained if it is assumed that the observed voids 

centration is near the maximum 


SUR LA POROSITE OBSERVEE DANS L’EFFET KIRKENDAI 


Une tentative est faite, d’'interpréter la formation des vides dans l'expér ce de 
termes des analyses précédente s de la diffusion des lac | 
culi¢rement, du point de vue, que la présence des vide 
des lac unes dans une certaine région de la Zone de diff SIO! 
pour un courant de lacunes, dans les articles précédents 
et paramétres appropriés, de dériver les relations qui 1 
l’excés maximum de la concentratio1 
temps nécessaire a une lacune pour 
la surconcentration de lacunes pouy 
des vides a été observée, po Ir autan que 
saturation q vil est possible d’att« indre. Des 
couples, tels que ( Ni, Cu-Zn, Cu-Al et 
d'évaluer la durée de \ ‘une lacune da S 
si on admet, que tes vid observés pe 
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UBER DIE IM KIRKENDALL-I 


Es wird versucht, die Bildung von Lécher 
lichten Analyse det I] 
zu Gr inde gvele ot 


] 


d iss dle 
aultrete kant we 


gleich der Lebe sdi 


1. Introduction 


The Kirkendall experiment has tocussed new 
attention on the mechanism of diffusion in metalli hift occurs 
systems. Since 1947, when Smigelskas and Kirken centered « 
dall [1] first presented their results for diffusion in 
the copper-zinc system, a number of investigators, the mechanism of dif 
most notably Correa da Silva and Mehl [2], Alex generally established [3, 4 
ander, Balluffi, Kuczynski and their associates at the that in certain couples, such 
Svlvania Electric Laborator\ 3], Barnes \u, port sity always cle velops on 
ee original interface when the Kirkendall shift 
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specimens. However, the work of the other investi- 
gators in the intervening period has indicated fairly 
conclusively that the porosity observed by Smigel- 
skas and Kirkendall probably is a general pheno- 
menon which must be regarded as an essential part 
of the diffusion process. Indeed, Barnes, who studied 
diffusion in the copper-nickel system, found that the 
volume of the pores is a substantial fraction of the 
volume in the Kirkendall shift. This shift would be 
approximately doubled in his specimens if the pores 
were to collapse . The present paper will be devoted 
to the factors which influence this porosity. 

[he essential historical facts concerning the theory 
of the Kirkendall effect are as follows: 

1. Darken [7] first proposed a purely macroscopic 
formalism to explain the results. He suggested that 
each constituent atom, say A and B, in the couple 
must be given its own characteristic diffusion 
coefficient, D, and D,, with the auxiliary restriction 
that if an excess of atoms diffuse into or out of a 
given volume of the lattice, the volume would expand 
or contract in order to preserve the equilibrium 


atomic density of the alloy having composition 


corresponding to the constituents of the volume. 


This formalism leads to the Kirkendall shift when- 
ever D, and D, differ. Still further, Darken showed 
that under his assumptions the chemical diffusion 
the relation 


coefficient D, is given by 


A and B 
role in 


that the 


Wav to 


where f, and f, are the atomic fractions of 


itoms in the volume. Porosity plays no 


since it is assumed 


Darken’s formalism, 


| such a 


lattice will swell or shrink in 


2. The writer [8] made a first attempt at an 
interpretation of the Kirkendall effect using 
theory and the assumption that a given 

incy would have different probabilities of inter- 
ianging places with an A atom and with a B atom. 
his theoretical treatment, which contained very 
eral assumptions and which was initiated in 
order to shed light on Johnson’s experiments [9] 
concerning the chemical and radioactive diffusion 
coefficients in the silver-gold system, treated the 
variable which describes vacancy density in the 
system as a disposable function to be determined by 
separate reasoning. The writer focussed attention 
on the special case in which the vacancy current J, 
is constant in space throughout the diffusion zone 
and varies with time as 1/+/f, as if this current arose 
from the diffusion of vacancies between two reser- 


voirs whose dimensions are large compared to the 
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dimensions of the diffusion zone. This assumption 


concerning the vacancy current does not lead to 


Darken’s equations, although it did give a qualita- 
tive interpretation of the knowledge concerning the 
Kirkendall effect which existed at the time. 

3. Bardeen [10] then demonstrated that Darken’s 
equations can be derived with the use of vacancy 
theory if one assumes that there is a sufficient 
density of sources and sinks of vacancies throughout 
zone to maintain the equilibrium 


the diffusion 


concentration of small 


vacancies over regions 
compared with the dimensions of the diffusion zone. 
This analysis was based on the use of a very simple 
model of the diffusing system. 

t. The 
that his 


writer [11] subsequently showed, first, 


general equations contain Bardeen’s 


a family of solutions 
the 


solution as a special case of 


obtained when the density of vacancies has 
equilibrium value at each position, and, second, that 
Darken’s equations also follow if diffusion occurs by 
the interstitial mechanism. In fact, there is a very 
close parallel between the equations derived from 
vacancy and interstitial diffusion. Thus, as intuition 
indicates, the validity of Darken’'s equations does 
not aliow one to distinguish between interstitial and 
vacancy diffusion. 

Herring [12] summarized the 


5. Bardeen and 
existing situation in a review article prepared in the 
fall of 1950. They placed emphasis upon the hope, 
gained from available experiments, that one might 
expect to have the vacancy distribution at equili- 
brium in most typical systems, so that the behavior 
of a diffusion couple would generally be amenable 
to the regularities implied in Darken’'s equations. 
They stressed the fact that this would require that 
the lifetime of vacancies be limited, and placed an 
upper limit of 10° jumps as the desired maximum for 
practical obedience to Darken’s relation. They felt, 
in turn, that this was a feasible upper limit in view 
of the fact that of the order of one atom in 10? 
is believed to be near the center of a dislocation line 
The 


whenever 


apparently universal 


the 


in typical materials. 


appearance of porosity Kirkendall 
effect is strong compels us to re-examine the basis of 
this viewpoint. 

It is natural to suppose that the pitting observed 
during diffusion arises as the result of a large devia- 
tion from the equilibrium density of imperfections — 
a superconcentration of vacancies or a subnormal 
concentration of interstitial atoms. Presumably the 
ideal sources for vacant lattice sites or interstitial 
atoms within single crystals are jogs on long dislo- 
cations with edge components. These can act as 


] 

— 

maintain the equilibrium density. 
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sources or sinks with the equilibrium energy. Such needed to « 


int 


sites, along with grain boundaries in polycrystalline 
specimens, will act as sinks for vacancies or sources — will be discusse 
for interstitial atoms even when there are small it the 
deviations from the equilibrium concentrations. specimen to 
Naturally they may also act when the deviations of thé specime! 


from equilibrium are large. There is no good reason nother in the same 
why voids should form when long edge dislocations 1 be considerab 


act as sinks for vacancies or sources for interstitial responsible for ] 
atoms if the density is very close to equilibrium which porosit ha 
since the consequent ‘climbing’ of dislocations be demonstrated, it 


should be compensated by continuous contraction the excess relative 


ul 


Small voids, cracks, or inclusions may act as. showing the Kirkend 


Ol 11 ire 


ol the specimen. hood 


phase in the diffusior 


sinks for vacancies or sources for interstitial atoms, 
and produce large voids when an appropriate exists, particular attent 
supersaturation of the former or subnormal concen- in which values of R of tl 
tration of the latter is present. In the simple case sary to form pores. This 
in which the initial voids are spheres of radius 7, nuclei were homogeneous 
the excess concentration of vacancies, V,, needed to of cur\ 

make them grow is given bv the Thomson-Gibbs itomic diameters 
relation would small even o1 
MUICrOSCOpe Phe specime! 


N 
In by Barnes ma’ l 
kT'Nr 
tate 
where .V,, is the equilibrium value of the vacancy has stressed the po 
density, s is the surface energy per unit area, k is responsible for the porosity 


Boltzmann's constant, 7 is the absolute temperature, with the Kirkendall etfe 


and LV is the atomic density. The nuclei of these voids operate for values of R m 


| per cent ore 


may be occupied with foreign material and hence _ the order of! 


preserved under equilibrium conditions. In typical to assuming that the 
cases, vacancies will condense at spherical voids _ of ul { the order of 1,000 


containing the volume equivalent to about 1,000 — possibh 


vacant lattice sites if V, N,, is in the vicinity of 2, pa 


What is most 


etl i Sect 


or greater. 
Vacancies mav condense to form voids in the 


perfect crystal if .V, N,, is ot the order of 100, or 
oreater. In the case of the interstitial mechanism, 
voids may be produced in the perfect lattice by the 
generation of interstitial atoms if the density of 
interstitials is at least 100 times below normal 
When_V, .V,, is very near to unity, the Thompson- vent. 
Gibbs relation may be written shall see, the folloy 


R ~ incies Make 
= >T Nr 
k issumes \ 
where R = {J ; i lve ces needed to condense 
concentration. sensitive to the value ot R 


At the present time we do not know enough about 


in order to ‘nel te pores 


the nuclei on which the voids form to give effective 
Il. Formal Concepts 


values of 7 that may be associated with them. Or, 
expressed in another way, we do not know the criti- For simplicity, 


cal value R, of the relative excess concentration R occurs primaril 
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experimental facts do not seem to permit a distinc- 
tion between the vacancy and interstitial mechan- 


isms at the present time; however, the theoretical 
analyses make the former seem much more likely. 
In addition, the qualitative consequences apparently 
would be identical in the two cases as far as matters 
of interest in the present discussion are concerned. 

rhe 


ipproach to the discussion of vacancy diffusion can 


writer [9,11] has shown that a formal 


be made by introduction of the quantities 1_(%1, 1: 
and 2,(%, m2) which represent the probabilities per 
unit time that a vacancy in one plane normal to the 
concentration gradient, in which the planar density 
of A 


plane, in which the planar density ot 


atoms is , will jump to the next parallel 
A atoms Is %, 


in such a way as to interchange places with the A 


and B atom, respectively. m(1, m2) = mq(%1, M2) + 


T,(M1, is the total probability for the jump 


between planes 1 and 2. In terms of these quantities 


7 On 


and are 


the vacancy Current is 


in which X is the interplanar spacing, M, 
the average planar densities of A atoms and vacan- 
cies in a given vicinity, +(7,) is the value of r(74, m2 


when 2, = Mo = Mq, and and are the 


with respect to m; and np» 
the 


derivatives ot 
evaluated It is assumed 
concentration gradient is in the x direction. In the 
following it will be convenient to replace the mean 


planar densities »; by the mean volume densities 


V, in accordance with the relation 


N 


nvenient shorthand, we shall write 


<2 aN \ {3 =) dN, 
dx ON ‘ dx 


evidently 


The first term in (95 represents the 


normal Fick term for the vacancy current associated 


th the vacancy gradient dN, dx, the diffusion 


coefficient being 
D, = 


The second ~% is the Kirkendall term, for it 


the chemical gradient is absent and 
the 


vanishes when 


evidently ribes the abilitv of chemical 


cradient to 


ALLURGICA, 


‘‘pump”’ vacancies from one portion of 


VOL 


1953 


the lattice to another. The critical parameter in the 
Kirkendall term clearly is the quantity (4) for it 
provides a measure of the anisotropy of the lattice, 
as far as vacancies are concerned, in a region where 
The coefficient of .V, 


namely 


a chemical gradient exists. 


in the second term of (5 


On dN, 
(22 dx 


is the average velocity with which the vacancy is 
pumped through the gradient. 

It is interesting, for the purposes ol the following 
discussion, to consider the case in which W\21, nN 


has the simple form 


in which a and p are constants. This expression leads 
to the simple relation 


‘ Or 
N, an) = N, 


so that the parameter p provides a somewhat 
primitive measure of what might be termed the 
‘order’ of the Kirkendall effect. The form (8) has 


more merit than mere mathematical convenience. 
For example, the case p = 0 corresponds to the 
situation in which A and B atoms are identical as 
far as vacancy migration is concerned. It describes 
the circumstance in which the jump frequency 7 is 


and B 


atoms in the neighboring planes. Similarly the case 


independent of the relative density of A 


p = | represents a situation in which the vacancies 
strongly prefer to exchange places with A atoms and 
in which the B atoms merely dilute the A atoms. 
Finally, the case in which p > 1 corresponds to a 
simplified form of the situation in which the vacan- 
cies prefer to interchange with A atoms and in which 
the presence of B atoms has an inhibiting influence 
upon the rate of interchange of a given vacancy with 
an A atom in the neighboring plane. Clearly the 
cases in which p ¥ 0 correspond only schematically 
ones ; 


to real however they will provide valuable 


insight in the following. The use of (8) without an 
added constant term implies that when p # 0 the 
jump frequency is negligible in the specimen of pure 
B atoms. This is probably not invariably the case 
true. For 

LOSO°C. 


in actual specimens, but is frequently 

example, it is probably true in CuNi at 
It is clear that if J, 

value corresponding to the local concentration in 


maintains the equilibrium 


each region of the specimen, J, in (5) will be purely 


a function of composition. This is one of the condi- 


(7 
in Or dn, 
2) i,= — + 
. 
3 n:/X. 
On Or 
AL — + 
\ \ fake On 
Eq tion (2 then becomes 
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tions on the vacancy diffusion mechanism which is 3. The average distance A which a 
requisite if Darken’s equations are to be valid. drift in the concentration gradient dN,/dx unde 
In addition to the previous, essentially exact pumping action of the gradient before bein; 
formal relations (2) to (7), it is convenient to intro- tured at a sink is given by the relation 
duce the following more approximate, or average 
1. For simplicity, we shall assume that the an dx vN oN 
chemical gradient extends uniformly over the In the approximation in 
region by 11), v is replaced bi 
10 Dt issumed to satisty the relat 
in which D, is the average chemical diffusion coeff- 15 
cient (see Equation (1)) and ¢ is the time since 
initiation of the diffusion experiment with plane As a distance, A has direct physical meanii 
parallel slabs. Actually, the chemical gradient will when it is smaller than or comparable to a 
be more nearly like a Gaussian function; however, cases the calculated value is an important 
the introduction of the parameter d provides a useful parameter of the theory 
simplification. !. Consider a group of vacancies which 
In the approximation in which the concentration are closely spaced and are allowed to migraté 
gradient is treated as uniform over the distance d, concentration gradient. Although they migrat 
the gradient is the average velocity (7), they will tend to b 
dispersed as a result of Brownian motion. W% 


aN, AN, 


11) = - have use for the amount of dispersion In TI 
dx d 
distance d and in travelling for a time 7. 
where AN, is the difference in concentration across Che mean time for a vacancy to drift 
the entire couple. d is 
2. We shall assume that the sources and sinks for 
vacancies are distributed throughout the single 16 
crystals of which the specimens are composed. 
Experimental evidence shows that grain boundaries The dispersion 
frequently are excellent sources and sinks; however, expressed by the 
attention will be focussed on the sources and sinks 
within the grains which persumably are closely ; 
associated with dislocations when the density of ” 2VV D 


vacancies is near to the equilibrium value. If .V, is 


V 
the density of sinks which may presumably also act ~ 2 ( 


. \p A.V 
as sources and @;, is the cross section for capture of a pa 


wandering vacancy by a sink, the number of jumps 
a free vacancy makes on the average before being 
captured is 
pAN,), which 
12 y= — hen time 
corresponding 
and the mean time the vacancy is free is time 7 is 2 
expressed in the 1 
P 1 
13) vN 
where vy is the jump frequency, which differs from 
x(m,) by a constant near unity and may be set equal 
to this quantity in a semi-quantitative treatment. 
Among other things, 7 is the critical relaxation 
time for establishing the equilibrium density of | if ., is not too 
vacancies in the normal crystal. 
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I) the Cases in 
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23 ol 


measured 


\ccording 


velocity 


Equation 


to 
of displacement of a 
zone at which the 


ot the diffusion 


ition gradient is d.V,/dx 1s 


N 


otal density ot atoms design ited 


1] 


assumed to be the case 


provided the vacancies 


mdense, as is in the ideal 
‘irkendall experiment. The experiments carried out 
is far correspond to cases in which the vacancies 


ially migrate to the member of the couple having 


the constituent with highest tor 
example Zn in Cu-CuZn and Cu in Cu-Ni 
the 


higher density of 


vapor pressure 
[his is 


member in which one should expect the 


ilso 
vacancies at any given tempera- 
ire. Thus the main vacancy flow in these specimens 
hat 


ind we may conclude that the second term gives a 


is Opposite to given by the first term in (5 


reater contribution 


~ 


issume we are dealing with the limit in 


N, 1s det rmined by 
the 


the concentration of A 


so that near interface 


dN IN, dN N, aN, 
dx dN AN, 


-atio of the absolute value of the second 


- first is, in order of magnitude, 
AN 
us p should not small compared with unity. 
urther evidence in the same direction is obtained 


time 


We 


omparing Kirkendall shift in 


the br 


1] 


diffusion 

the relation 
N,D 
V D 


AN 
p 


~ 


D D should be ot the order of N N whenever 
tne Johnson-Wagner 
follows that p AN N 


th unity if the Kirkendall effect is appreciable. 


Since 


effect is not prominent, it 


should not be small compared 


The Migration of Vacancies in the 


Diffusion Zone 


In the standard diffusion couple, d is initially zero 
and increases linearly with the square root of the 


time (Equation (10 On the other hand, A is 


| 
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initially very large, as a parameter at least, and 


decreases inversely as the square root of the time in 
13). 


will 


approximation diffusion continues 


and A 


reversed. 


the 
sufficiently, d cross and their relative 
be The which A is 


small compared with d, that is, the limit of long time, 


values will limit in 
evidently corresponds to the case in which the local 
density of vacancies is maintained very close to the 
equilibrium value, for a given vacancy travels only 


a relatively short distance along the chemical 
gradient in passing trom the source to the sink. 
In brief, the situation in which A is small compared 
to the approximation 


by 


which leads to Darken’'s 


with d corresponds closely 
10] 
12} 


equations; the drift current does not upset radically 


described by Bardeen and emphasized 


3ardeen and Herring 


the local equilibrium of vacancies 

The opposite approximation, in which A is larget 
than or comparable to d, is the one in which we may 
expect to find the conditions which lead to vacancy 
concentrations appreciably different from the equili- 
brium concentration. For then the vacancies pro- 
duced in the diffusion zone may drift to one end ot 


this zone and accumulate there so as to give an 


abnormally high concentration. 
Assume for the moment that the rate of vacanc 
production per unit volume per unit time in_ the 
diffusion zone is q. Since the relaxation time for the 
13 


the equilibrium density of vacancies is assumed to 


attainment of equilibrium is 7° (Equation 
be g7’. The number of vacancies generated in time ¢ 
in a volume of the gradient domain possessing a 
thickness d parallel to the gradient and unit cross 
section in the normal direction is dgt. These vacancies 
will be swept to the edge of the diffusion zone by the 
gradient and will be compressed to a_ thickness 
2 


principal factor limiting compression is 


as we shall assume to be the « ise, the 
srownial 
motion. Thus the concentration of the displaced 
vacancies in this compressed zone which are collected 


in time ¢, assumed small compared with 7, is 


dgt 


19 
2 /(D.t 


or the density R, relative to the equilibrium value 


qT is 


(20) = 


6A\T 


Before employing (20), we must decide whether the 
displaced vacancies which reach the edge of the 


diffusion zone constitute the entire concentration 


there or whether they add to an appre iable density 


Hect h hee} 
large ns 
reference [11] the 
ven segment 
vhich \ is the [iis 
i 
in 
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of vacancies already present which have not been 
swept away because the gradient in concentration is 
not sufficiently high. In the first case, R, would give 
the relative concentration in the end zone, whereas 
in the extreme instance of the second case, the rela 
tive density in this zone would be 1 + R,. This 
issue could be determined precisely on theoretical 
grounds only by solving the basic equations govern- 
ing vacancy migration, generation, and disappear- 
ince for a number of typical cases and examining 
the results. A somewhat simplified form of this 
procedure, which is analogous to that employed in 
solving the equations governing the distribution of 
neutrons in nuclear reactors [14], is developed in the 
ippendix to this papel and is solved for a typical 
case. The results bear out the conclusions drawn 
on qualitative grounds in the next paragraphs. It 
evident, however, that the more mathematical 
approach could be expanded with profit. 

lf R,is large compared with unity for a substantial 
part of the range of time of interest, namely when 
t < T, the isssue is not critical since an appre iable 
supersaturation of vacancies is guaranteed. On the 
other hand, when R, is near to or smaller than unity 
throughout the range of time, we must conclude that 
the random notion of the vacancies is sufficientl, 
creat that the bunching which results from the 
gradient is comparatively weak even in the region 
where the gradient is strongest. It follows that the 
influence of the gradient should be even less in the 
end zone where the vacancies tend to accumulate; 
hence the vacancies generated in that region shoul 
be added to those which arrive there by displace- 
ment. In brief, it seems appropriate to assume that 
the effective concentration of vacancies in the end 
zone is 1+ R,, so that R, measures the relative 
concentration above saturation. Since R, is alwavs 
positive, we may expect a slight degree of supe 
saturation under all conditions, even though this 


may be insufficient to produce pores. 


In the opposite limit in which A is small compared 


with d, only a fraction of the vacancies produced 
in the diffusion zone accumulate at the boundary 
of this zone since most die while migrating in the 
direction of the boundary. The value R of the excess 
relative concentration may be determined easily 
by the condition that the vacancy current in the 
diffusion zone arising from the drift velocity 
namely p.V D,AN,/N,d, where is the equill 
brium density of vacancies, be equal to the diftusi 
current in the region bevond the boundary where 
there is no concentration gradient. Since the relaxa 


tion distance in the latter region is 6A, the second 


N 


current is D,6A \ I 6 l the excess 
ition of vacan it the boundary. We ol 


this relation 


21 


corresponds tO Case 
Che condition necessar' 
during the diffusion proce 


he comparabl to or 


] 


20) takes 1tSs Maximum \ 


uation IS 
In the approximation corresponding to the 
hand side of (17), the ratio d/éd is ind pendet 
or ¢, that is, is a constant of the diffusing svste1 


Hence (22) will be satisfied at some time d 


dittusion process if 


rhe left-hand side of the relation 22) shor 


under all conditions the 1m it which the 
supersaturation of vacancies occurs is that f¢ 
A and d are about equal 

Conversely, we saw at 

we have Food rea 

hence ad od, 
strong Kirkendall 
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eq ial Since 
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In actual systems, it is possible that T is relatively 
small near the junction of the couple because of a 
relatively high degree of imperfection at the inter- 
face. Thus pores might form there even though they 
would not if 7 had the average value for the remain- 


der of the specimen. Similarly, once pores are formed 


ina given region of the sper imen, because ola suit- 


ible 


may ict as 


excess concentration of vacancies, the pores 


new sources and sinks for vacancies 


ind decrease 7 locally. The jogs on incompleted 
rows of atoms on incomplete surfaces should act as 
effectively as jogs on dislocation lines in producing 
ind absorbing vacant 1es. 

Thus 7 may actually be variable during the course 
ot the diffusion cycle, being large until porosity 
develops in such a way that the spacing between 


pores is smaller than the value of 6A which obtained 


prior to the formation of pores. It is even possible 
in particular cases that the lifetime of vacancies 


is determined by the geometry of the specimens. 


specimen are not large compared with 6A determined 


will occur if the linear dimensions of the 


from the volume density of trapping centers, so that 
the vacancies have an appreciable chance of dying 
the surtace. 
As d increases, the pores formed during the early 


portion of diffusion may find themselves in a region 


sub-equilibrium concentration of vacancies be- 


the boundaries of the diffusion zone have 


iuse 


continued to move and all vacancies are swept on 


to the new boundary. Under these conditions the old 


pores may act sources of vacancies 


primarily as 
ind decrease in size, the vacancies being reabsorbed 
it the diffusion boundary. 


event, should cease being 
exceeds A sufficiently. The 


yf d for which this occurs depends upon R,, 


In iny new pores 


formed when d critical 

ritical value of the excess relative concentration 
needed to form pores about the available nuclei. 
If R 


eeds A ipprec iably., 


( AN, ) 
a p N, / W A, 


approximation being 
the other hand, if R, is 


pore formation will cease 


is near unity, pore formation should cease when 


using (15), when 


the right-hand valid when 
pAN,/N, — 1. On 


smaller than unity, 


much 
when 
d increases to the point where R given by (21 
decreases to the value R,. This is equivalent to the 
23a 


conditions, analogous to 


>, ANe 
2p N 


d~ 


23b 
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As was remarked at the end of the previous 


section, we do not have at present exact values of R,. 
that 


R, may vary from specimen to specimen and from 


Indeed there is evidence (Section IV) to show 


one region to another within a given specimen. It is 


convenient for present purposes to focus some 
attention on the case in which the nuclei are fairly 
homogeneous and in which R, is of the order of 
unity, examining the consequences of these assump- 
tions. (23a 


should be used. We shall postulate that the width of 


Under such conditions the relations 
the porous zone is equal to the value of d for which 

is valid. This postulate will allow us to deter- 
N,o;, or of 


when pores are present. These values of N;, presumably 


mine values of typical of the zone 
are larger than those which obtain for a non-porous 
specimen since the surfaces of the relatively large 
pores provide traps which can act even if the excess 
concentration is small 

If R. actually 
order of 10 


more appropriate to use instead. It is evident that 


is much smaller than unity, of the 


the relations (23b 


or less, would be 
the values of w that would be computed in the two 
cases from the same values of d would differ in the 
ratio R 


The specimens of Cu-Ni studied by 


and hence could be radically different. 

Barnes seem 
to prov ide ideal examples for this type ol an ilvsis. 
He has found that when measurements are carried 
1O010°C. to 


late 


out at sufficiently high 


1080°C 


temperature 


the pores which torm in a stage 
of the diffusion cycle tend to be large and to cluster 
in a plane normal to the diffusion gradient, that is, 
parallel to the original interface, as if any pores 
which might have formed initially near the interface 
were dissolved. In this connection Barnes has noted 
that the volume density of pores in his specimens is 
approximately constant, independent of time and 
temperature for which diffusion occurred. This, in 
turn, suggests that in his specimens at least the 
nuclei responsible for pore formation may be very 
illustrated by 


homogeneous. In pical Case, 


Figures 5 and 6 of his manuscript, the pores are 


about 5 mm from the original boundary on a scale 


of magnification of 150, corresponding to A = 7 X 
(23a 
derived from Equation 
landA = 2 10-* om 
that at 


10-* cm if the condition is valid. The corres- 
ponding value of 
23a) by setting AN,/N, = 

cm~!. If we assume these 
temperatures the vacancy must be captured directly 
by a jog at a dislocation or on a surface of a pore 
to be retained and that, as a result, ¢, — 107" cm?, 
we obtain 


101! pcm 


224 

\ 
R R. 
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Apparently it is necessary to assume that p is at 
least of the order of unity in order to obtain consis- 
the 


effect is 


tent results in cases in which pronounced 


Kirkendall observed. In any case, we 


R,— 1. Since the density of atomic sites which are 


conclude that N, is of the order of cm~* if 
immediately adjacent to edge dislocation lines should 
be nearer to 10'° cm~* in typical materials, if the 
customary estimate that there are about 10° disloca- 
tion lines per cm® is correct, this value of N, is in 
accordance with the notion that only a small fraction 
(— 10 of the places along dislocation lines cat 
act as sources or sinks for vacancies at the tempera- 
ture at which the measurements are made. 
Balluffi and Alexander 


similar observations on the copper-nickel system in 


[3] have made somewhat 
specimens held at 1055°C for 239 hours, and have 


extending distance about 


that 


found porosity over a 


three times larger than observed in Barnes’s 
specimens (see Fig. 7 in the second paper of reference 


3]). If we make the somewhat dubious assumption 
that R 


must conclude that ,c,/p is about ten times smallet1 


is the same in the two cases, we apparently 
in the specimens studied by Balluffi and Alexander 
than in those examined by Barnes, for N,c,/p varies 
inversely as the square of the thickness of this zone 
(see Equation (23a) or Equation 15 
in which A = d 
po to be different in 


for the case 
. Since there is no reason to expect 
the then 


two cases, we 


conclude that ,0, is ten times smaller in the first 
case. 

Smigelskas and Kirkendall seem to have observed 
pitting in 70-30 brass specimens, studied at 785° 
at distances at least ten times larger than those 
in Cu-Ni by 

Balluffi 


If the condition R, — 1 is valid, we apparently must 


Barnes. Similar results are 
880°C, 


ol sery ed 


>] 


found by and Alexander [3] at 
conclude that N,0, p is at least thirtv times smaller 
in typical specimens of this material than in the 
specimens of Cu-Ni, at the temperature of measure- 


ment, for .V,o,/p varies inversely as the square of 


the thickness of this zone and only directly as the 
first power of AN,/N,. It is difficult to indicate the 
source of this difference, inasmuch as at least three 
variables are involved. At the present time, it seems 
reasonable to assume tentatively that a value of p 
larger than 5 is excessive and conclude that N,o,; 
is at least ten times smaller in brass than in CuNi. 

The ratio d/éd has a value of about 0.6 for the 
Chis 


is sufficiently near unity to suggest no conflict with 


brass specimens if p is assumed to be about 5. 


the view that the degree of supersaturation required 


to produce voids corresponds to Rr — 1 or greater. 


N DALI 


Blin [5 


distance of 3 * 10 


Bii kle and have observed voids al 


cm from the interface in speci- 
mens of copper interdiffusing with 7 per cent Cu-Al 
alloy SOO Thus 
of the order of one hundred times smaller in this 
than in that of Cu-Ni if R same. Agail 
it would appeal reasonable to suppose that yo, 1 
in Cu-N1i. 
observed 
LO cm 1n 
14 hours 


ibout one- 


tor 25 davs at p seems to he 


case is the 


substantially smallei than 
Finally, Balluffi 


porosity OVC! 


In this coupl 
\lexandet 3 have 


about 


ind 
a distance of 
couples of silver and gold held at 920°C for 
In this example N,o,/p 


ippears to be 


fourth as large in Barnes's specimens of Cu-N 


if R. is the same in the two « 


ises 


IV. Concluding Comments 


\lthough the preceding 


formation into the genet 


discussion 


the Kirkendall 


questions either unansv 


follows 


What are the 


gvators h ive sp 


connguratio 


ic dislo 


ichieve equilibrium whet 

itmosphere of vacancies 

of the rapi imu 

small voids or inclusion 

superconcentration ot y 

voids could 

superconcentl 

processes ire 

would ay 

ictually occurs. The 
since it requires valu 

values ot pol the ordet 

ting this, \ 
problem of determ 
needed 


Volds 


tion 
not 


much from one 
nother o1 
buted throughout 
spec imens that have | 


\o-Au 


to become large 


Barnes has ested 


suge 
+ + | m1 
and lo lized len ten 


Chere is little doubt that this is true of 


specimens he studied in the range between 1010" 


just 


below the melting 


Balluffi and Alexander 


poin ot 


and 
On the other hand 


|. 
= 
seem TO TIlE 
qualitative ST Kor ( ~ Cs 
are as 77 
|. of the voids? Sever 
invest culated on this point. Th 
| ] 4 
4 
| Li | 
IS 3 1 17 
nien ( 1 rarer 
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excess Te rive | entry 
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have observed broadly distributed porosity both in 
couples of copper and nickel, in the same tempera- 
and in couples ol copper and _ brass 


ture range, 


which were treated at 880°C, which is close to the 
melting point of the 70-30 brass used, namely 902°C. 
From the published figures, the writer cannot detect 
1 significant difference between the distribution ot 
pores in these specimens of brass and those observed 
785°C; however 


by Smigelskas and Wirkendall at 


the pores may be larger in the first case. 

he most reasonable explanation of the variation 
in porosity between specimens is that there may be 
. distinct difference in the size of the nuclei for pores 
both of 


assumed implicitly in 


unlike 
the 


in different specimens, like and 


materials. It has been 


previous sections that the nuclei for pores are more 


or less the same in various cases, having a fairly 
well defined equilibrium vapor pressure for vacancies. 


Actually 


Irom 


the nuclei may vary over a wide range 


one material to another. In fact it is not 
unreasonable to suppose that there may be a range 
of nuclei within a given specimen. In the couples 
studied at the Sylvania Laboratories, one frequently 
observes a few pores relatively far from the principal 
group adjacent to the fiducial markers, as if the 
distribution of nuclei were so wide that a relatively 
few nuclei could act to form pores for excess con- 
centration of an order of magnitude less than the 
iverage. 

This aspect of the present topic might be greatly 
clarified by observations on couples in which one or 
both specimens contain, as a result of intentional 
addition, specified amounts of fine sols of materials 
of known size which are not soluble in the metals. 
For example silica sols or fine carbon blacks in the 
range of 50A or less might be ideal for this purpose. 
further reliable con- 


the 


It seems difficult to draw 


Jusions concerning the pores from available 


experimental information, although a few tentative 


estions can be gleaned, particularly from 


US 


Barnes's measurements. He has found in the case of 
the Cu-Ni specimens that the typical couple swells 
in such a way that the expansion varies as +/1, at 


25 hours 


This 
behavior was studied over a range of time extending 


15 minutes to somewhat more than 25 


ast during the initial period of about 


when the diffusion takes place at 1065°C 


from about 


hours in two specimens. The diffusion distance d 


is of the order of 10-4 cm at the time of the first 


observations. This result suggests that pores form 


very early in the diffusion process and behave in a 


“uniform’’ manner during the subsequent history 


of the specimen, if we assume that the sweiling is a 
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result of the growth ol pores. Were it certain that 
10° or 10°, so that the 


Bardeen approximation would be valid for values 


w is as small as Darken- 


of d of the order of 10-4 cm and larger, we might 


conclude that a fixed fraction of the vacancy 


current, which would vary as 1/+/t under these 
conditions, goes into the formation of pores. It is 
difficult to believe that any such simple conclusion 
can be drawn in a direct manner, however, for the 
principal porosity appears at a distance of the order 
of 10 


for sufficiently long. 


> cm in cases in which diffusion has taken place 
It seems more likely that the 


pores formed initially redissolve and that the 


\/t law is the result of a combination of several 
effects. 

In this connection, Barnes has found that the 
swelling in the direction of the diffusion gradient is 
between a third and a half of the Kirkendall shift 
in a typical specimen. A similar conclusion can be 
drawn for the couples of copper and alpha brass 


Biickle Blin [5]. 
that between a third and a half of 


the measurements of and 


It would follow 


from 


the vacancy current in the diffusion zone is trans- 
ferred to the pores if a direct diversion of a vacancy 
current varying as 1/+/f actually occurred. 

Cyril S. Smith has pointed out to the writer that 
when brass is dezincified by evaporation, the 
channels through which the zinc emerges, and which 
presumably have their origin in pores, are sufficiently 
small that they can act selectively as semi-permeable 
barriers for gases, permitting small molecules to 
pass and holding back large ones. This observation 
supports the view that the pores can be very small 
at one stage in the diffusion process. 

3. Although the preceding analysis of the Kirken- 
dall effect indicates that in the Cu-Ni system studied 
by Barnes the quantity p/ NV, may have a value of 
the order of 2.5 & 10* cm, the individual estimates of 
p, N, and a, obtained by resolving this are highly 
conjectural even if the important uncertainty in 
R. is disregarded. It would be good to have a better 
understanding of the individual parameters and the 
temperature. If we 


way in which they vary with 


assume that a value of p of the order of | is not 


radically in error in cases in which the voids are 
observed, we may conclude with modest assurance 
that 
10"! provided R, is near 1. This composite quantity 
the 


makes before becoming trapped. If the assumptions 


the quantity w = | is approximately 


represents number of jumps a free vacancy 
that R, — 1 is correct, w apparently is not always 
less than 10° as Bardeen and Herring hoped might 


generally be the case. 
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The evidence concerning the width of the porous 
zone in brass, Cu-CuAl, and Ag-Au indicates that 
p No, may be larger in these cases than in CuNi. 
However, it does not seem safe to conclude that 
the values of w are larger since the relative values 
of p are not known and it is not certain that R, is 
the same in all materials. 

Herring [private communication] has called the 
writer's attention to the possibilities inherent in the 


[3]. 


These investigators have studied diffusion in the 


experiments of Kuczynski and Alexander 
vicinity of the junction between a metal wire of 
flat 


metallic surfaces. The results are somewhat compli- 


small diameter (5 to 10 mils) and essentially 
cated since they are probably accompanied by the 
Kirkendall shift, at least when the two metals are 
different, by redeposition through vaporization and 
condensation and through surface migration, and 
possibly by plastic flow under surface tensional 
forces. In all cases the two sharp, cusped voids 
formed by tangency of circular cylinder and plane 
are transformed relatively rapidly to two grooves 
with continuous curvature, forming thereby a 
bonded neck between the plane and cylinder. These 
grooves are usually displaced in the course of diffu- 
sion in the direction that might be expected from 
the Kirkendall shift, although it is not evident that 
the Kirkendall effect is the only factor operating. 
In any event, the radius of curvature at the base 
of the grooves is of the order of 10u in many of 
the photographs shown in the paper. The width of 
the necks and of the diffusion zone is of the order of 
100u in typical cases. If w is as large as 10", 6A 
should be of the order of 100u, whereas it is only 
of the order of 10u if w is as small as 10°. 

10'', we 


surface of the specimens to play an important role 


lf w is as large as should expect the 
in determining the flow of vacancies. In particular, 
if R— 1 inside the specimen we might expect the 
shape of the groove to show asymmetrical form since 
it would receive vacancies preferentially from one 
side, the radius of curvature not being great enough 
for the base of the eroove to act as a source rather 
than a sink for values of R — 1. On the other hand, 
if w is 10° and if R is much than 


unity, in the stages of diffusion shown in the pictures, 


nearer smaller 


the base ot the eroove might be expected to be more 
symmetrical, as is observed. 
Unfortunately a study of the work of Kuczvnski 


Alexander many 


seems to raise at least as 


On 


remain deep throughout the course of the experiment 


and 


problems as it solves. the whole the grooves 


see Fig. 3 for the case of a copper wire on nickel, 
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for example), indicating that the grooves actually 


receive vacancies from the interior. Thus it is possible 
that vacancies are flow ing to the surface in « onsider- 
able number and that factors other than vacancy 
flow determine the shape ol the groove. Moreover 
it is not known whether or not internal porosity 
exists and is the same in these specimens as in the 
case of planar specimens. It would be exceedingly 
interesting to have information on this point. 

t. It is quite possible that o, varies substantially 
with the temperature. For example it is possible 
low temperatures a vacancy is 


that at relatively 


trapped whenever it finds itself near a dislocation 


line. Thereafter it may only move along the disloca- 


tion until it finds a jog where it can disappear. 


On the other hand, at high temperatures, such as 
those used by Barnes, it is possible that the vacancy 


will re-evaporate from an average position on a 

dislocation line and is truly trapped only if captured 

directly ata jog. Thus it is conceivable that CO; 

could vary bv a factor of the order of 1.000 from low 

temperatures to high. Any variations of this type 
would presumably be reflected in variation of 
OTF 


5. At all the 


couples on which extensive measurements have been 


the time this is written, essentially 


reported are composed of face-centered cubic metals. 
It is conceivable that an exceedingly, low density of 
sources and sinks of vacancies is one of the charac 

teristics of well-annealed face-centered cubic metals. 


The density of sources and sinks for vacancies in 


well-annealed sper imens of single crystals may vary 


another so 


from one crystal type to 


substantially 
that the ease with which pores are formed is different 
for different types. 

Balluffi has called the writer’s 


ittention 


unpublished observations on specimens 


brass containing 52 atomic pe nt of zine 
have been dezincified by evaporation at 835°C 


evacuated capsule cont Lining ch S Ol 


| 
Appre¢ iable porosit\ Was 
Dow 


IS strong 


per cent beta brass 


observed. Other measurements show that D, 


3.4 in this ¢ ase, SO the Kirkendall etfect 


Sin beta bi iSS 1S bod, centered ubi these results 


hod, “Cente red 


probably do not behave radically 


indicate that the 


face-centered cubic ones. 
nteresting 


Ukali h l 


silicon-germanium specimens since these 


It would be exceeding, 


comparable observations on the 


probably do not form partial dislocations, 


slip 


of the kind normally responsible for 
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dealing with observations very different from those 
on porosity, indicates that the density of sinks for 
vacancies is low in alpha iron. 

6. If the preceding analysis is essentially right, 
one might expect to observe the Kirkendall effect 
without observing porosity. To speak in terms of the 
ipproximate parameters employed, the Kirkendall 
effect will be observed whenever p is greater than 
zero, Whereas a value near to, or larger than, unity 
is presumably needed for voids if the condition that 


Mehl [2] 


R IS 
did find 


however, their excellent observations probably are 


correct. Correa da Silva and | 


not voids in all specimens they studied; 


not adequate in this respect since they did not carry 


out an exhaustive search for pores. It would be 


interesting to know if voids can be found in speci- 
mens having a relatively small Kirkendall effect. 
3allufh and Alexander have found porosity in the 
silver-gold system which shows one of the relatively 
small, although by no means negligible, displacement 
effects 

has recently demonstrated that 


il viscous flow in solids, of the 


7. Greenough [16 
diffusion: type postula- 


Nabarro [17] 


negligible in single CTY stals of silver, although it is 


ted by for low stresses, is essentially 


observed in polycrystals. This flow is presumed to 


arise from vacancy currents between grain boun 


daries and the suriace of the specimen under the 


action of the ipplied stress. Herring [18] first 


predicted that the diffusional viscous flow would be 
negligible in single CTY stals on the basis of the argu- 


ment that dislocations would not act indefinitely 


current has 


the 


as regions where the non- 


vacancy 


vanishing divergence because forces between 


dislocation lines would bring them to equilibrium 
relatively 


iter a small amount of displacement, 


flow as is 
The 


con- 


insufficient to produce as much plasti 


observed in polycrystals for similar stresses. 
preceding analysis suggests an alterative or 
current explanation: The number of independent 


itomic sources or sinks within the grains may be 


very small compared with the number at crystal 
so that the sustained vacancy currents 


the 


boundaries, 


from and to former are negligible compared 
with those from and to the latter, as long as the vac- 
ancy density departs only slightly from the equili- 
brium values, which is presumed to be the case 
during diffusional viscous flow. 

8. Ellwood and Bagley [19] have observed changes 
in the density of certain binary alloy systems for 
appropriate compositions and have interpreted this 
effect as the result of the incorporation of vacant 
Brillouin 


lattice sites in such a way as to fill out 
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80Cu20Ni 


per cent 


zones. For example a specimen of 


decreased in density by about 4.: after 
900°C for 


in aluminum-zine and 


being annealed at 1,175 hours. Similar 
effects have been observed 
gold-nickel alloys. One cannot help but wonder if 
this effect is attributable to porosity, similar to that 
accompanying the Kirkendall effect, developed asa 
result of diffusion which occurs during the annealing 
procedure and which is a consequence of gradients 
in composition inherent in preparation of the alloy. 
In fact the investigators have observed ‘‘considerable 
micro-porosity’’ near some of the grain boundaries 


during the heat treatment. The diffusion distance 


d employed in the present paper would be of the 
order of 0.1 cm for times of the order of magnitude 
of those employed for heat treatment of the copper- 


nickel system at 900°C. It is possible that only a 


small fraction of the nuclei for pores, which may 


operate at relatively small excess concentrations of 


vacancies, are effective in these experiments. It is 


also possible that R, is generally much less than unity 


and that the typical nuclei responsible for the pores 


in the Kirkendall effect are active in Ellwood’s 


specimens. 
9. Buffington and Cohen [20] have observed that 


self-diffusion in a-iron may be accelerated, at a 


given temperature, by applying stresses which 
induce creep during diffusion. The enhancement in 
the diffusion rate appears to be related primarily to 
D,, ot 


, when stresses are applied, to 


the rate of plastic flow, the ratio D the 
diffusion coefficient D 
the coefficient D, in the unstressed specimen being 
1 + ce at 890°C. 


constant which has the value 50 when e is expressed 


Here € is the strain rate and c isa 


in units of hours~!. A total strain of 0.27 was induced 


by creep in the typical specimen. The shortest 
period for attainment of this strain was approxi- 


mately one hour. The diffusion coefficient in the 


absence of strain is approximately 4 cm?/se 
at 890°C, the activation enere\ being approximately 
59,800 cal per mol. 

The most straightforward interpretation to give to 
the lattice 


these measurements is to assume that 


defects produced [15] as a result of plastic flow, at a 


rate proportional to the strain rate, enhance the 


diffusional effects caused by the thermally induced 


lattice defects. If we assume that the latter are 


predominantly vacancies, this assumption leads to 


most nearly consistent results if we also assume the 
lattice defects induced by plastic flow are predomi- 
nantly vacancies, since we might expect the diffusion 
rate to be suppressed for small rates of strain if the 


thermal diffusion were the result of vacancies 
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whereas plastic flow induced primarily interstitial 
atoms. 

With this assumption, we may proceed to estimate 
the It » 


vacancies produced per unit strain, ¢ is the strain, 


lifetime of vacancies. is the number of 
t is the time over which the strain is produced, z is 
the jump frequency for vacancies, NV,, is the density 
of thermally induced vacancies, and w is the number 
of jumps a vacancy makes on the average in the 
course of finding a sink, we may obtain the following 
expression for the ratio of the equilibrium density 
of vacancies produced by plastic flow to the density 
produced thermally 
enw / mt N 

We shall set this equal to the measured quantity cé 
giving the enhanced of diffusivity. 
We may also make use of the relation D, & 


where 


component 


N is the density of atoms and \X is the ato- 


mic spacing, and give this combination of parameters 


its experimental value for 890°C, cited above. 


Since € is the average strain r we readily 


find 

w = 
10 N = 9 X 10*, and » 2 
the latter being small 


Taking A? = 
10!" per cc, 


“cm 
a conservatively, 
value, we find 

LO 


This value of w is large compared with values of 


the order of 10!! and 10!? obtained for other materials 
by the means described in preceding paragraphs. 
There is, however, enough uncertainty both in the 
ol 


parameters used in deriving w that the value cannot 


arguments employed and in the values the 


final, but merely 


be accepted as reliable or as 
suggestive. 

that the activation ol 
approximately 60,000 cal/mol found for a-iron may 
be 10,000 cal/mol the 


generation of vacancies and a value of 20,000 cal 


lf we assume energ\ 


divided into a value of lor 
mol 
vacancies, the equilibrium 


at 890°C is found to be about 


for the migration of 


density of vacancies 
10'7 per cc, whereas the jump frequency is about 
10! 


mately correct, the value w ~ 10! 


sec. If the second of these quantities is approxi- 
implies that the 
lifetime of vacancies is of the same order as the time 
of creep in the more rapid experiments. 

The maximum relative increase in diffusion rate 
observed by the investigators is about 15. One must 
that the of 
values of the order of 15 above the thermal equili- 


conclude density vacancies achieves 
brium density during the most rapid deformations, 
if the interpretation of this enhancement in terms 


ot the production of vacancies by plastic flow is 
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correct. Presumably an appreciable fraction of thes 
vacancies should pret ipit ite in 


form voids, if the principles used in the explanatior 
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such a wav as to 


of the voids observed in connection with the Kirk- 


endall effect are also applicable in the present case 
Since the total strain was 27 per cent, Ol the order ot 
5 J LO be 


should 
[15 


would be 


vacancies per produced 


rovided the conclusions drawn the case of 
| 


interesting t 


copper are valid for iron. It 1g 
know if porosity is observable 
We would face difficult 


ol was large as that calculated above in the deformed 


in understanding a value 


diffusion specimens if interstitial atoms are produced 
by plastic flow in numbers comparable to vacancies 
for one might expect w to drop to values near 10! 
10 


consistent 


interstitial atoms are present. On the whole, 


interpretation of the Buffington-Coher 


) 


experiment along the lines discussed here appears to 


require that creep produ predominantly the dete ct 


responsible for normal thermal diffusion 


conclusion is very remarkable in itself, if furtl 


research sustains it, for it suggests that the vac 


diffi 


incie 


which enhance the ision coefficient in 


Buffington-Cohen experiment may be generated 


thermally rather than geometrically, that is, unde1 
the imperte 


ol 


circumstances which markedly favor 


tion which has the lowest enere’ formation 


This, in turn, suggests that the mechanism bv whic] 


vacancies ire produced during plastic flow 


elevated temperatures may not be the same as that 


which operates at lower temperatures 
The 


colleagues 


] 


writer is indebted to several friends 
for critical comments concerning 


work. Particular mention 


Convers Herring, R > 


L. Slifkin 
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For simplification, we shall assume that 7 and VV 
ire constant throughout the specimen. Actually 7 
be dependent upon the history of the material 
iv varv both trom position to position, and 
is a function of .V,, increasing with increasing values 
\loreover, N 


of chemical composition. 


be ti 


t the latter will usuallv be a function 


in the form 


iken 


On 
D,grad N, + N (22) grad A 


see Equation (5)) in which D, is 
coefficient for vacancies. We shall simplify the prob- 
the 


the diffusion 
lem further by the following assumptions: (1 
diffusion gradient is in the x direction; (2) the system 
a steady st ON ON 
may be replaced by the approximate form p2/N, 
for .V, then 


ate so that ot = O; (dr 


IS 1n 


see Equation (9 The equation 


d{dN p dN, ) 
= N + —(N 
ral dx Ndx 1 


Che procedure of treating the chemical gradient 


becomes 


D =(). 


26 


as if it were instantaneously fixed and seeking a 
stationary-state solution for the vacancy density is 
justifiable as long as D, is tar larger than the chemi- 
cal diffusion coefficient D,, which is normally the 
the chemical 


the 


case. Under these circumstances, 


gradient will not change appreciably 
time 7 in which the vacancies come to equilibrium. 


during 


The quantity d.V,/dx is normally a continuous 


function of x. For example, if the chemical diffusion 
coefficient is a constant, D,, and if diffusion is not 
ippreciably affected by the presence of voids, 
l N ax is 
AN 

dX \ rid 
in which AN, is 
on both sides of the couple and d 

Whenever dN, /dx 1 


1 


exp 1D) 


the total difference in composition 
24 
26 


a function of x /d, may 


be expressed in the 
d (¢ 
d Q\y = N y N 


ON oy . The coefficient of | 

ast term evidently is (2d 6A)°*, where 6A 
the dispersion ot the vacancies as a 

result of ime 7. 


The boundary conditions to be placed upon ¢ are 


and f(y) = 


in the 


Equation 


1S)) measures 


Brownian motion aiter 


ontinuity of this function and its first derivative 


function f(y) is continuous. Othedrwise @ an 


the vacancy current (25) should be continuous at 


points of discontinuity in f(y 


It is possible to obtain a simple analytical solution 


CA, 


1953 
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of Equation (28) in the case in which the gradient 
N, is assumed to be constant in a region of width 


In the 


of 
d and is taken to be zero everywhere else. 


regions where f(y) is zero, (28) takes the form 


whereas in the region where f(y) is constant 


(4 
afl 
dy\dy 


D,T and 2a = pAN,/ N,. 


the discontinuities occur at 


where 4 
that 
+ 3, the form of ¢ in the various ranges is as 


If we assume 


follows 


+ Dexp 


Bexp ( — vy 


where y is the positive root of y* and 


It may be noted that y measures the relaxation 
distance outside the diffusion zone, whereas 2a/y? 
is the of d, 
migrates in the diffusion zone before being captured. 


When 2a/y? 


entire distance. 


distance, in units which a vacancy 


is one or greater, the vacancies gO the 


Applications of the appropriate boundary con- 


ditions lead to the relations 


— Wy sinh 


y sh 


Ws ( osh 


y cosh (w; /2) — ws sinh (a 


sinh |(@1— We 2] We cosh 


A and B may be iated from the relations 


eVa 


2) + Dexp 


B C + Dexp ((y — w 


esp tty: — 


A number of interesting cases may be considered: 


a a= 3 


Since the ratio 2a/y? measures the distance the 


vacancies migrate in the diffusion zone, this case 
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d , 9 
29 4) =0 
may 
25 
30 l1— @) =0 
31 @= 1+A exp (vy 
— 
b) -3<y<} 
c)y> 2 
33) ¢=1+ 
a+ V(a*+ y°*), 
34 
Wo “ 
= uF 
D — 
A = Cexp ((y + o1)/ ((y ++ 2) /2), 
the 


SEITZ: KIRK] 
represents an example in which the vacancies drift 
through the zone on the average and in which a and 
y have what might be termed intermediate values. 
We readily find a; = 2.41, w. = — 0.41, C 

0.304, D = — 0.487. The values of ¢ at the boun- 
dary points are 

@= 1.62 aty = é, 


(4) 


@ = 0.49 at y = — 3. 
Thus there is a 62 per cent excess ol vacancies at the 
positive boundary point, to which vacancies are 
pumped, and a 51 per cent deficit at the negative 
boundary point. It is evident that the maxima and 
minima of @ occur at these points. 

(b) y very large compared with unity and with a. 

This corresponds to a case in which d/6A is large 
and in which the vacancies do not migrate through- 
out the diffusion zone in one lifetime so that we might 
expect the Darken-Bardeen situation to be most 


nearly realized. We find 


exp \ — 


at y= +}, 


respectively, and 


Thus @ 


the deviations trom unity are small. 


(c) a large compared with unity and 4 


sinh ar a osh a ( osh a 


cosh a + (y/ 2a) sinh a 
a 


y sinha + acosha 


The values of @ at the two boundaries art 
(39 
— Zexp | y 

Thus the specimen is essentially depleted Ol Vac- 
ancies at the negative boundary, whereas the excess 
concentration is 1 4 Y alt the positive junction 
This evidently corresponds to a case in which the 
Kirkendall effect is very strong and in which a 
relatively large excess of vacancies accumulates at 
the positive boundary. 

It is interesting to note that in case (c) the value 
of @ at y = 3 increases linearly with y, which is 
proportional to d. Thus when a is large, the con- 
centration of vacancies increases during the diffusion 
process until y? becomes comparable to a, or until 
2a, y? becomes comparable to unity. Thereafter, we 
may expect the maximum of @ to decrease with 
increasing d, in accordance with case (b). Thus, in 
this repect, the foregoing solution bears out the 


N DAI 


conclusions drawn on 


the 


text 


We 


may 


values of y. 


Thus the density 


the equilibrium 


contrast 


note, 


ol 


\ 


al 


\ 


acancles 


ic 


even 


with the value 


re 


d anticipated in Section III. 


quall 


according 


] 


arises from the assumption, cont 


(28 


, that the equilibrium density 


same on both sides « 


originate 


In computing 


was 


latter 


tor 


iSSl 


imed 


that 


i] 


however, 


when 


it 


lve gro inds 


that small 


IS sI 


9 
to 


at this point is 


ll, 


R,— 1 for 


Che difference ey identl 


uned in | 


ol 


the couple 


il regions W here 


section | 


the 


originate entirely, 


issumpt ion 


l 


prob ibh 


quation 


Vacancies 1S the 
\s a result, ar 


appre iable numper vacancies found 


W hen ad 


IS 


diffusion zone 


much more 


the couples studied experimentally thus 
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LETTERS TO THE EDITOR 


Crystallographic Aspects of the Beta to Alpha 
Transformation in Titanium* 


Although numerous studies have been made of 
various aspects of the beta to alpha transformation 
which occurs on cooling titanium, studies of the 
crystallography of the transformation have been 
relatively neglected. The alpha phase of titanium 
has a hexagonal close-packed lattice with a c/a 
ratio of 1.587. Above 883°C this phase transforms 
to the body-centered cubic beta phase. No signifi- 
cant hystersis is associated with the transformation 
in the pure metal on heating or cooling. The effect 
of most alloving elements is to depress the trans- 
notably 


formation temperature though a few, 
aluminum, nitrogen, oxygen, and carbon, have the 
effect of stabilizing the alpha phase and therefore 
raise the transformation temperature. 

In this note three aspects of the beta to alpha 
transformation in commercially pure titanium are 
reported; namely, 

|. The orientation of the alpha lattice with 
respect to its parent beta lattice. 


II. The 


macrostructure 


the 
habit 


found in 
the 


nature of striations 


and their relation to 
plane of an acicular product. 

[1]. The phenomenon of reversion to the original 
lattice orientation, of an isolated alpha crystal, 
ifter it had been heated into the beta range and 
then cooled. 

About seven pounds of commercially pure sponge 
titanium were arc melted in a water-cooled copper 
crucible. The ingot was cooled in the crucible and, 
except where specifically stated, no further heat 
treatment was given. 

The grain size of the ingot was very large which 
was convenient for single crystal techniques. 
The etched surface of a slab which was cut from 
the middle of the ingot is shown by Figure 1. 
lhe outlines of the former beta grains are evident. 

that 


striated patches within the previous beta grains 


It was established by Laue _ studies the 


are single alpha grains. The Laue spots from such 
grains are normally sharp and frequently crystals 
found which transmission patterns 


were gave 


containing Kikuchi-type lines [1]. 


I. Orientation of the Alpha Lattice with respect to its 
Parent Beta Lattice 
In 1933 


Burgers [2] reported the orientation 


relation between hexagonal alpha zirconium and 


*Received November 28, 1952. 


the cubic beta phase from which the alpha formed. 
Owing to the similarity of zirconium and titanium, 
the same relationship hss been assumed to hold for 
titanium though it has never been experimentally 
demonstrated. 

Burgers’ method was to observe directly the 
orientation of the alpha X-ray 
method, and to derive the orientation of the parent 
lattice the 
The 


lattice 


lattice by an 


beta from the external symmetry of 


crystal. external symmetry was related to 


the 


where 


cubic because, at the temperature 


the 
stable structure was body-centered cubic. 


crystal was originally formed, the 


The present method for determining the alpha- 
beta orientation relationship also involves direct 
X-ray observation of the alpha lattice orientation. 
The parent beta orientation, however, was deduced 
the 


from relative orientations of several alpha 


grains, which were descended from the same 


parent beta. Figure 2 shows an enlarged view of 
part of the surface of Figure 1. A typical trans- 
formed beta grain is shown here extending dia- 
the 


outlined by a continuous grain boundary, whereas 


gonally across macrograph and is clearly 
the alpha grains, which formed from the parent 
beta grain, are bounded by jagged interpenetrating 
projections. The orientation of the alpha grains 
could be easily determined by back reflection 


When the 


several alpha grains within the same parent beta 


Laue photographs. orientations of 
grain are plotted on the same stereographic pro- 
jection, the relationship existing among them may 
be quickly seen. Such a plot for the large trans- 
formed beta grain in Figure 2 is shown in Figure 3. 
Here the (00.1 
used to define the orientations of the lattices of 
four alpha grains. Notice that by rotating all the 
alpha crystals as a unit, each of the (00.1). poles 


pole and a (11.0) direction are 


be made to coincide with a {110}, pole of a 


may 
cubic lattice. This cubic lattice must be the body- 
centered cubic structure of the parent beta phase. 
Also, by the same rotation, one of the (11.0 
directions of each of the hexagonal lattices comes 
into coincidence with a (111) the 
cubic lattice.f This orientation relationship is iden- 


direction of 


tical to that given by Burgers for Zr; namely, 


00.1). 
11.0 


(111) 


tOther (11.0), directions fall about 10° or 50° from {111 )¢ 
as required by the orientation relationship. 


gre 


Etched 


beta 


Typical former 


of arc melted sponge titaniu 
FiGURE |. of arc mel 
Ficure 2. made up of alpha crystals. Arrows 
IGUR é 
3 and 4. (4X 


>) & 


It should be noted that the orientations of only 
two alpha grains within one transformed beta 
grain are necessary to fix the orientation of the 
parent beta lattice. Yet the lattice orientations 
of as many as four alpha grains within the same 


(O0-Ne 


@ (00-1), 
ALPHA GRAINS (00:1) 


o 


© 
® 
© 


FiGuRE 3. Stereographic projection showing orientations 
of several alpha crystals which formed from the large parent 
beta crystal in Figure 2. Arrows indicate 22.5 
necessary to bring conjugate poles into coincidence 
matrix poles for standard orientation represented by 
symbols. 


rotation 
with 
hlled 


former beta grain have been found to hold the 
the lattice 
of the parent beta grain. It is quite improbable that 


Burgers relationship with respect to 


this would happen accidentally. The example cited 
above is only one of several studies that have been 
made of former beta grains, all of which gave the 
same results. Thus it appears that the orientation 
relationship proposed by Burgers for the two forms 
also be shown experimentally 


of zirconium can 


to hold for titanium. 


II. Striations in the Microstructure and Habit Plane 


The crystallographic aspects of two distinct 
macrostructural features were studied. The feat- 
the parallel striations in the 


ures consisted of 


irregularly outlined alpha crystals a, b, c, and d 
in Figure 2 and the intersecting acicular product 
in the major portion of Figure 2. The latter was 
suggestive of a Widmanstatten pattern but the 
habit did {110}¢ 


planes of the parent lattice which have occasionally 


plane not correspond with 
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been reported to be the habit planes on which the 
alpha phase forms. On the other hand, previous 
the habit 


analyses of plane based merely on a 


count of trace directions and angles between 


traces on one surface have not been found reliable 
and in this case could not be « onfirmed by stereo- 
graphic analysis. Instead, the more reliable tech 
nique of studying traces of the same structure on 
two inclined surfaces was used. One such analysis 
applied to the parallel striations is illustrated by 
| igure 1. The directions of the striations in alpha 
cerains a, b, c, and d of Figure 2 were found to bear 
no simple relationship to the orientation of the 
beta lattice. Instead, inalvses 


former numerous 


showed that the striations were caused by planes 


lying parallel ( + 2°) to {14.0}, planes of the hexa- 
eonal lattice. These planes lie close to {8,8,11}4 in 


Che 


parallel to some of the acicular product and thus 


the parent cubic lattice striations were 


it was concluded that the habit plane for the aci- 
cular product was the same family as that of the 


striations. These results are in accord with those 


for zirconium in which the habit plane was also 
observed to be irrational [3]. Likewise, the {8,8, 
habit the 


is in good agreement with 1334}. 


lwo 
rain of Figur 
the alpha latti 


Ct 


martensite in a 
Since 


family reported tor 
ri-Mn alloy [4 


simple, they presumably do not represent the true 


quenched 


none of these indices are 


habit plane of the alpha lattice forming in the beta 


matrix but rather a pseudo-habit caused by some 


LETTERS TO 
100), 
o 
x 225° 
fig. \ 
10), 
‘ 
a 
00:1) 
| 
| x 
\ . Na © 
\ 
\ \ 
\ 
TA GRAIN 
b x 110 
a 
953 d yo 
~ 
POLE F PLAN 
> 
RFACE 
vA 
j \ 
& | 
TRACE R NIN 
Qi 
20), j 
\ 4 TRACE DIRECTION 
PLANE CAUSING URFACE 2 
\ TRACE / 
/ 
/ 7 
| riace stere 0 D tria- 
ti I 


\LLI 


sort of deformation process resulting trom trans- 
formation stresses. This phenomenon is discussed 
in relation to phase transformations in general in 
another paper [5 

Work on this subject is being continued 
III. Reversion o Origina 
Orientation 

Repeated experiments have shown that isolated 


were cycled through the 
held for 


1000°C 


crvstals which 


alpha 


many hours at 


critical temperature or 


temperatures around usually failed to 


become polycrystalline or even show a change in 


the orientation of the original alpha erain on cool- 
ing. This effect probably explains the known diff- 


culty of refining the grain size of titanium-base 


allovs by heat treatment. If it is true that a single 
crystal of alpha titanium transforms to a single 
crystal of the cubic beta phase on heating above 
the critical temperature, then reversion to the alpha 
phase on cooling must be nucleated in such a Wwa\ 
as to produce the same alpha orientation as in the 
original crystal. The Burgers orientation relation- 
ship permits twelve possible orientations which an 
a!pha grain could assume with respect to its parent 


beta grain. Therefore, it is improbable that an 


alpha grain would favor any one of these twelve 
orientations without the influence of some nucleat- 


ing agent. Such an agent may be a crvstalline 


inclusion, an oriented overgrowth or a_ special 


condition of stress. Similar reversion to the original 


the low phase was 


orientation of temperature 
reported for Zr by Burgers [2], for Tl by Dehlinger 
6], and for Co by Dehlinger et al. [7 
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Specific Heat and Energy of Transformation 
of M¢g;Cd* 


The binary alloy svstem composed of magnesium 


and cadmium presents many unusual features and 


i 


consequently has been the subject of numerous 


investigations [1; 2; 3]. Nevertheless, complete 


agreement has not vet been reached regarding the 


nature of the transformations which this alloy 


system undergoes as its temperature and composition 
are varied. In order to specil\ the character of the 
transition between different states of an alloy, it is 
essential to know the behavior of the specific heat 
over the relevant range of temperature. Thus 
Homiakov, Holler, and Troshkina 


such curves for the two allovs MgCd and MgCds, 


| | have obtained 


and have concluded that at a temperature of 251° 
the former undergoes a first order transformation, 
whereas the latter undergoes only a second order 
transformation in the region of 80°C. However the 
alloy svstem Meg3Cd has not been hitherto investiga- 
ted in this fashion, although its heat of formation 


[5], and, 


has been obtained at a temperature of 25°C 
together with other thermodynamic properties, at 
270°C out a 


determination of 


6]. Therefore, we undertook to carry 


the specific heat otf this alloy 


between 50°C and 200% 
The specific heat measurements were carried out 
described in detail 


adiabatic calorimeter 


Heat was supplied to the sample, 


in an 
elsewhere 7 |. 
which was made in the form of a highly polished 


and 3” 


long, by means of a small internal nichrome heating 


cvlinder approximately in diameter 
element. To minimize losses due to conduction and 
convection, the sample was suspended within an 
evacuated chamber by means of a pair of 0.006” 
nichrome wires which served also as the heater leads. 
Furthermore, to reduce heat losses due to radiation, 
the calorimeter chamber was also provided with a 
highly polished copper guard ring shield, the tem- 
perature of which was kept nearly at the tempera- 
ture of the sample by means of a manually controlled 
electric heating element. Power was supplied to the 
internal heater bv an electronically regulated d.c. 
which kept the output voltage cons- 
150,000, in series with 
The 
resistor was nearly that of the heater (about 600 
With this arrangement, the power input 


was constant to + 1/15 per cent despite a variation 


power supply, 


tant to one part in a large 


oil-cooled manganin resistor. value of this 


ohms 


of about 5 per cent in the resistance of the nichrome 
heating element. 


“Received January 16, 1953 


VOl 


LETTERS TO 

Specific heat values were obtained at different 
rates of heating by measuring at frequent intervals 
the temperature of the sample as a function of time. 
\ll temperature measurements were made with a 
imbedded the 


chromel-alumel thermocouple 


sample, in conjunction witha Rubicon thermofree 


153.3° C 


FIRST RUN 
° SECOND RUN 


nm 


on 


60 80 


SPECIFIC HEAT (CAL/GM-°C) 


140 160 180 200 


100 


oO 


FIGURE 1. Specific heat of the alloy Mg;Cd as a function 
of temperature. The rate of heating used was about 0.01 
cal/gm sec. 


potentiometer. The thermocouple had been prev- 
iously compared wth a similar couple calibrated 
by the National Bureau of Standards. 

The sample was prepared in the following manner. 
An oversize casting of the alloy was prepared by the 
method described by Satterthwaite [8]*. The cad- 
mium and magnesium were respectively 99.95 and 
99.99 per cent pure. After preparation, the casting 
was lightly machined, sealed in a glass container 
filled with helium and maintained at a temperature 
of 300°C for two months to homogenize the alloy. 
The sample used in the measurements was machined 
from the center of this piece and then annealed at 
300°C for several hours. Prior to each measurement 
the alloy was ordered for at least four hours at a 
temperature of 110°C and then cooled slowly to 
room temperature. As a check upon the uniformity 
of the resultant alloy, material taken from the upper 
and lower ends of the sample thus prepared was 
analyzed for its cadmium content by the sulfide 
method [9].f 


average composition of 24.7 atomic per cent cad- 


Four determinations yielded an 
mium with a deviation from this value of less than 
+ 0.05 atomic per cent in the individual values. 

Figure 1 shows the results of two measurements 
of the specific heat of this sample, both obtained 
at the rate of heating of about 0.01 cal/gm sec. 
which allowed initially a rate.of temperature rise of 
about 4°C/min. The specific heat values have been 

*We wish to acknowledge our indebtedness to Professor 
W. E. Wallace and the University of Pittsburgh for the use 


of their facilities in preparing the alloy. 
tWe are indebted to D. Otterson for the analysis 
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corrected for the small but not negligible effect of 
heater capacity, which never exceeded 4 per cent 
of that of the whole system over the entire tempera- 
ture range. 

As can be seen from the figure, the specific heat 
of the alloy Mg;Cd up to 75°C is very close to 0.130 
cal/gm °C while beyond 165°C its value remains 
nearly constant at 0.155 cal/gm °C. These values 
are to be compared with 0.141 cal/gm °C and 0.146 
cal/gm °C which are obtained in the lower and 
higher temperature regions, respectively, by applying 
Kopp’s law and making use of the accepted values 
of the specific heats of the components [10]. The 
value in both cases agrees with the calculated one to 
within 10 per cent. 

In the region between 80°C and 165°C however, 
the specific heat displays two peaks, a large one at 
153.3°C and a smaller one at 97°C. Unlike that of 
MegCd the specific heat of the present alloy remains 
finite throughout the range of temperatures involved 
here. The resolving power of the apparatus is such 
that an infinite specific heat resulting from a latent 
energy absorption of as little as 0.3 cal/gm could be 
readily detected. The transformation must therefore 
be classed as of the second order. 

In view of the fact that the processes leading to 
the peaks are second order ones, it is to be expected 
that the shape of the corresponding part of the 
specific heat versus temperature curve might be 
dependent upon the rate of heating. In order to 
investigate the possible existence of such an effect 
a second pair of experiments was carried out at a 
rate of heating of some 0.03 cal/gm sec. which is 
three times that used previously. The resulting curves 
be noted that the 


are shown in Figure 2. It may 


) 


(CAL/GM-° 


T 


FIGURE 2. Specific heat of Mg;Cd using a higher rate of 
heating (approximately 0.03 cal/gm sec 


second and higher peak is located at nearly the 
same point as before and is little changed in slope 
LO8°C 


seems slightly broader. It follows that the tempera- 


while the smaller peak is shifted to and 


ture of 153.3°C at which the second peak is located 


is a curie point for the alloy in equilibrium. The 
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location of the smaller peak on the other hand 
varies with rate in very much the fashion one would 
expect if it were determined by a rate process. 

The total heat of transformation, represented by 
the area between the experimental curve and the 
curve to be expected in the absence of a transforma- 
is obtained as 


tion (indicated by the dashed line 


6.5 cal/gm or 0.30 Keal/gm atom, which is the 
average obtained from the separate determinations 
shown in Figures | and 2. This is to be compared 
with the value of 0.24 Kceal/gm atom for MgCds; 
obtained by Homiakov, Holler, and Troshkina for 
the case of MgCd 
transformation at 78°C. 

We are indebted to Dr. G. 


P. Schwed for helpful discussions. 


B. WELBER, R. WEBEL! 


which undergoes second order 


Groetzinger and Dr. 
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Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio 

References 


Comptes Rendus, 134 (1902) 1431. 
ROWELL, S. W 


3OUDOUARD, O 
HuME-RoTHERY, W. and Inst. 
Metals, 38 (1927) 137 

GRUBE, G. and S 
1934) 190 
Homrakov, K. G., HOLLER, V. A., and TROSHKINA, V. A. 
Moscow University, Reports, 6 (1950) 55. 
Buck, 1 R., WALLACE, W. E., 
J. Amer 136. 

TRUMBORE, | and Craic, R. 
J. Amer. Chem 
WELBER, B. ] 
SATTERTHWAITI 


CHIEDT, E Z Chem., 194 


anorg. 


) 


and Ruton, R. M 


, 23 (1952) 876 
Ph.D. Thesis, University of 
LUNDELL, Applied 

1929), p. 204 
Mines 
1949 


LEBRAND 
ohn Wiley 
nd Cd taken from S. Bur 
Oftnce, 


Stabilization of Austenite Iron- 


Carbon-Nickel Alloys* 


Thermal 


read, with considerable interest, the 


We 
paper on thermal stabilization of austenite in iron- 
R. Morgan and T. Ko 


have 


arbon-nickel alloys by E. 
that appeared in the January issue of Acta Metallur- 
some of their 
National 
Bureau of Standards in the 
affecting the MM, in two SAE 1050 steels. 
Messrs. Morgan and Ko note that, except for 
two steels (1.0% C, 10% Ni, and 1.38% C, 5% N1 
the WV, was dependent upon the quenching medium 


interest ing to 


data 


gica. It is 


compare 


conclusions with obtained at the 


a study of factors 


used, an indication that the rate of cooling through 
the austenitic range must have an effect upon the 


martensitic transformation. They ascribe this de- 


pression in M/, with slower rates of cooling to a stabi- 
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lization effect that occurred during cooling within a 
certain temperature range above the M,. Thus, in a 
steel containing 1.0 per cent C and 5 per cent Ni, 
this temperature range was found to be between 
310° and 405°C (590° and 760°F). They do not, 
however, explain the two exceptions where no such 
effect occurred. 
We found that 
1400° to 2200° to 5000°F per second in the tempera- 


ture range 1300° to 900°F had no significant effect 


varying the cooling rate from 


on the temperature of 7, in the two steels studied. 
Although not calculated, the three quenching media 
used had widely different cooling rates at lower 
temperatures. If the M, of all steels were indeed 
sensitive to a stabilization effect at some temperature 
above the ./, it would seem that widely different cool- 
ing rates would have an effect upon the M,. That 


the M, 


by the data of Messrs. Morgan and Ko as well as 


of some steels are not so affected is shown 


our own. 

The authors also comment on the fact that their 
data show that the grain size had no effect upon the 
of the This 
finding is contrary to ours as we find that not only 


progress martensite transformation. 
do coarser austenite grains result in a decrease in the 


rate of the austenite — martensite reaction in an 
appreciable temperature range below the M,, but 
that it also raises the VV, itself. As an indication of 
the magnitude of these changes, the rate of formation 
of martensite in one of the steels was approximately 
0.7 per cent 
below the , 
ASTM No. 5 and 0.2 per cent per degree F drop in 
temperature when the austenite grain size was 
ASTM No. 2. The /, corresponding to these two 
grain sizes was 590° and 613°F, respectively. It was 
that 


with 


per degree F drop in temperature 


when the austenite grain size was 


established these differences were actually 


associated the austenite grain size and 
the temperatures from which the various samples 
were quenched. 

It must be emphasized that our findings are con- 
cerned only with the steels noted. A formal paper 
embodying the results of our studies is now in the 
process of preparation. In view of the many disa- 
various investigators as to the 


greements among 


effects of certain variables on the martensite re- 
action, it must be concluded that our understanding 
of the natural laws governing this phenomenon is 


far from complete. 
SAMUEL J]. ROSENBERG 
National Bureau of Standards 


U.S. Department of Commerce 
Washington, D.C. 
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LETTERS TO 


Theory of Initial Stress-Strain Curves in 
Face-Centered Metals* 


In an earlier paper [1] work-hardening by two 


mechanisms considered: first, at small 


strains source hardening occurs, i.e., the longest 
free lengths of a dislocation generate and produce 
glide until they are locked by some process not yet 
understood. The hardening occurs because as the 
long dislocations are used more stress is required to 
short dislocations generate. At large 


make the 


strains the many dislocations present prevent 


additional dislocation motion; this is called inter- 
action hardening. 
The 


hardening in aluminum can be understood if it is 


temperature dependence of the source 
assumed that all of the closely spaced glide lamellae 
found by electron microscopy in one slip band 
result from one source. The number of lamellae per 
band increases with increasing temperature. 

Blewitt [2] and co-workers have found that initial 
hardening in copper is the same at room temperature 
as it is at liquid nitrogen temperatures. This is 
with the present electron microscope 
Barrett [3] did not 
multiple lamellae in copper at room temperature. 


consistent 
observations on copper. find 
Brown [4] could not resolve lamellae but found glide 
of 1500 A at one slip band and 3000 A at another 
in copper at room temperature. This suggests that 
copper behaves at room temperature in a manner 
similar to aluminum at liquid nitrogen temperature 
(i.e., in copper at room temperature there may be 
one or two as yet unresolved lamellae per band) 
A search should be made for multiple lamellae and 
initial stress-strain curves dependent on temperature 
in copper crystals at elevated temperatures. 

In the earlier paper [1] it was’ suggested that the 
internal stresses resulting from thermal fluctuations 
produce lamellae by enabling a screw dislocation in a 
locked slip lamella to undergo cross slip and sub 
sequent Frank-Read generation on a slip plane 
parallel to the initial locked lamella. [t was stated 
that the number of lamellae per slip band would 
depend on the stress, the temperature, and the speed 
of deformation. The temperature dependence was 
considered and was found to 


explicitly agree 


reasonably well with experiments. 


Recent data by Brown [5] on the number ot 
lamellae per band in aluminum strained at different 
least, in agreement with 
150°C, 
11 lamellae per band. On 


rates is, qualitatively at 
the above theory. On rapid straining at 
Brown obtained about 
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straining at a rate of 1% per day at 450°C he ob- 
the 
1O%; 
glide per lamellae was about 2000 A in 


the 


tained 50 lamellae per band. In both cases 


examination was made after a strain of about 
the average 
both tests. Thus, in slow test more thermal 
fluctuations of the necessary linear size and strength 
were observed bec ause it was pr ssible to wait longer 
for them. 

If the suggestions made connecting the lamella 
structure and the slope of the initial portion of the 
stress-strain curve are correct then the { ict that the 
lamella structure is rate dependent implies that the 
the slope of the initial part of the stress-strain curve 
is also Brown's data 


rate-dependent. fact, 


lacte of tour can be 


150°C. by 


indicates that a change ola 


obtained in the initial slope at varying 
the strain rate. This should be verified experimen- 


tally. 


This work is supported by the O.N.R 


S. KOEHLER 


Department of Physics 
University of Illinois 
Urbana, Illinois, U.S.A. 
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The Structure of Gamma Manganese’* 
| he 


cannot be 


crvstal structure of gamma 


X-ray 
owing to its temperature range Ol stability, 1100 to 
1138°C, 


manganese 


determined easily by methods 


its high vapor pressure and its reactivity 


2| have suggested 


Recently experimental workers [1; 
ice-centered-cubi in 
ray 
determinations of the crystal structures of mangan- 


Cher 


single phase binary alloys the gamma phase was 


that gamma manganese is f: 


structure. Their suggestions are based upon 


ese rich binary alloys found that in certain 


face-centered-cubic at elevated temperatures but 
became face-centered-tetragonal on quenching to 
room temperature. Basinski and Christian [2] have 


Mn-Cu 


Manganese, 


demonstrated that, in the case of allovs 


containing less than 95 per cent the 


tetragonal phase lorms during cooling by means of a 
the M 


perature decreases sharply with increasing copper 


martensitic transformation and that tem- 


content. 
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The gamma phase of pure manganese cannot be 


retained at lower even by drastic 


quenching, although a face-centered-tetragonal form 


temperatures 


of manganese with an axial ratio of approximately 
c/a = 0.94 may be prepared by electrolysis. Zener 


(3] has suggested that the tetragonality of this form 


of manganese is due to  antiferromagnetism. 
Antiferromagnetism is a type of paramagnetism in 
the lattice that the 


magnetic moments of neighboring atoms are aligned 


which arrangement is such 
antiparallel, producing a zero resultant moment. 
By analogy with forces between magnets, neighbor- 
ing atomic moments of parallel orientation should 
result in a mutual repulsion between the atoms, 
compared with atomic moments of antiparallel 
orientation. Consequently, a distorted face-centered- 
cubic structure having an axial ratio of less than 1.0 
will be produced if each (002) plane is composed of 
atoms with parallel moments and alternate (002) 
planes have antiparallel orientations. The resultant 
magnetic moment of such a lattice would be zero 
if all atomic moments were of equal magnitude. 

It has been shown by Isobe [4] that the magnetic 
susceptibility of high-purity gamma manganese 
increases with increasing temperature. An increase 
of susceptibility with temperature is characteristic 
of antiferromagnetic materials. Paramagnetic mater- 
ials which are not antiferromagnetic exhibit a 
magnetic susceptibility which either is independent 
of, or decreases with, increasing temperature. 

[It is to be expected that an antiferromagnetic 
Curie temperature will be a function of the energy 
of interaction between the electrons in the partially 
filled 3d shells. On the basis of Isobe’s determinations 
of the magnetic susceptibility of manganese as a 
function of temperature, it may be concluded that 
gamma manganese lies 
1245°C. Néel [5] has 


estimated a Curie point of 1720°K for manganese 


the Curie temperature for 
above the melting point, 


ind has deduced that the effective magnetic moment 
1.0 Bohr 


magnetons. This value for the magnetic moment is 


of a manganese atom is of the order of 


consistent with that calculated [6] for manganese in 
the ferromagnetic Heusler alloys. 


In comparison with the ferromagnetic Curie 


temperatures of iron, cobalt, and nickel, an anti- 
ferromagnetic Curie point of the order of 1450°C is 
moments of 4.0 Bohr 


reasonable for interacting 
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magnetons situated on a manganese lattice. How- 
ever, the addition to manganese of solute elements 
of the B sub-groups, such as copper or germanium, 
will almost certainly result in an increase in the 
number of 3d electrons associated with each of the 
manganese atoms. This will reduce the magnetic 
moment of each manganese atom and therefore the 
Curie temperature of the lattice. 

Above the Curie temperature, the alloy will be 
paramagnetic and face-centered-cubic with random 
orientation of magnetic moments. Below the Curie 
temperature, the alloy will become antiferromagnetic 
and lattice distortion will appear. The degree of 
lattice distortion would be expected to increase with 
decreasing temperature below the Curie point. It is 
significant that Basinski and Christian [2] have 
observed that the axial ratio for a quenched 88.9 
per cent Mn-11.1 per cent Cu alloy, diverged further 
from 1.0 as the temperature was decreased, and 
— 183°C. 


It is possible, therefore, that a manganese-based 


reached a value of c/a = 0.95 at 
binary alloy may become face-centered-cubic in 
structure at high temperature by virtue of the fact 
that the gamma solid solution is then above its 
Curie temperature. It is, however, by no means 
certain that pure gamma manganese is also face- 
centered-cubic. In fact the 
the properties of pure gamma 


only experimental 
observations of 
manganese, namely those of Isobe [4], indicate that 
and antiferromagnetic. 


both paramagnetic 


latter condition 


it is 
The 


centered-tetragonal 


be satisfied by a face- 


but 


can 


lattice, not by a face- 


centered-cubic lattice. 
Eric R. MORGAN 


Metallurgical Department 
Scientific Laboratory 

Ford Motor Company 
Dearborn, Michigan, U.S. A. 
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BOOK REVIEW 


Metal Data. By S. L. Hoyt. Second edition. 
New York: Reinhold 
1952. Pp. xiv + 526. 

This is a new edition of Metals and Alloys Data 
Book, which was published in 1943. It is extensively 
modified by the substitution of new material for 
old and by the addition of substantial new sections; 


Publishing Corporation. 


some of these reflect the growing importance of 


metals such as titanium, and 


zirconium, which have emerged or are emerging 


molybdenum, 


from the academic atmosphere of the chemistry 
book into the hard world of practical applications. 
Another important metallurgical development that 
is reflected in the new edition is the section on the 
so-called ‘“‘Super-Alloys’’; that is, alloys developed 
for use under the conditions that are encountered 


in gas turbine engineering. Metal Data contains a 


wealth of empirical information; the author does 


not attempt to interpret or explain, and the book 
does not therefore make any contribution to the 
understanding of metals. It will undoubtedly be of 


the greatest value to very many practising metal- 
lurgists, and it will be the source of much useful 
and interesting information for many whose thirst 
for knowledge about metals is less practical 

The reviewer, according to custom, looks dili- 
gently for something to criticize; he is not ina 
position to question the validity of the data, which 
he is happy to accept; he is filled with admiration 
at the skill 
information is presented in such accessible form, 
and in relatively think 
of anything which has been left out; the only fault 
he can find is so trivial that it emphasizes the qual- 


with which such a vast amount of 


small space: he cannot 


ity of the rest—it is in the iron-carbon diagram, 
on page 18, and on the dust cover, in which austen 
ite and ferrite are described as solid solutions of 
carbide in gamma-iron and alpha-iron respectively : 
why not carbon? But this is a matter of interpreta- 
tion and the purpose of this particular diagram, 
and of the whole book, is to present data 

B. CHALMERS 
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ORDRE A PETITE DISTANCE DANS LES SOLUTIONS SOLIDES 
METALLIQUES DE SUBSTITUTION* 


GERARD FOURNETT 


On montre qu’il existe toujours un ordre a petite distance dans 
Dans le cas d’un modeéle trés simple nous donnons les e ions 
petite distance. 


SHORT RANGE ORDER IN SUBSTITUTIONAL SOLID SOLUTIONS IN 
It is shown that short range order always exists in substitutional solid 
given for the different parameters of short range order for a very simpk 


NAHEORDNUNG IN SUBSTITUTIONSMISCHKRISTALLEN VON FESTEN 
METALL-LOSUNGEN 


Es wird gezeigt, dass in allen Substitutionsmischkristallen fester Lés 
existiert. Fiir ein sehr einfaches Modell werden die Au rucke tur 


Naheordnung angegebei 


? distributed at random on the atoms sites but this 
I. Introduction 
completely disordered distribution is probably rarely 


Les solutions solides métalliques de substitution attained » . Nous voulons simplement insister sur la 
ont d’abord été regardées comme des ensembles de généralité du phénoméne 
plusieurs espéces d’atomes qui sont répartis av Quelle que soit le modéle de solutions solides 
hasard aux noeuds d'un réseau plus ou moins dé-  adopté les différents atomes constituants possédent 
formé. des propriétés différentes; pour deux espéces 
On sait cependant que pour les alliages subissant d'atomes données chaque atome <¢ préfére » 
les modifications ordre-désordre les expériences et les ivant les lois de l'équilibre thermodynamique 
théories montrent la persistance d'un ordre a petite étre entouré d’atomes semblables ou dissemblables: 
distance quand tout effet d’ordre a grand distance a nous voyons ainsi apparaitre trés simplement le 
disparu; cette notion d’ordre a petite distance semble _ processus d’ordre a petite distance 
avoir été d’abord uniquement réservée a de tels Signalons enfin qu’en liaison 
alliages : les premiéres expériences prouvant l’exis- théorique, et a l'occasion d’ 
tence d'un tel ordre dans les alliages ne subissant \l-Ag, une preuve expé1 
aucunes modifications ordre-désordre (Au-Ag, Guinier (Guinier [4]) de l'existence d’ 
[1]) étaient citées comme des curiosités ou des tance dans les solutions solides 
anomalies. apportée 
Par analogie avec les résultats des études ex- 
périmentales et théoriques relatées ci-dessus et qui 2. Definition de l’Ordre a Petite Distance 
prouvent que l’existence d'un ordre a petite dis- Les différentes probabilités 
tance dans une substance cristallisée n'est pas liée considérer sont 


a l’existence d’un ordre a grande distance, nous —n, 4(X;) probabilité de 


pensons que /es phénomeénes d’ordre a petite distance noeud k défini par l’extrémité du vecteu 


sont toujours présents dans les solutions solide No 4p(Xz, X,;) probabilité de trouver 
métalliques bien que par définition les phénoménes atome d’espéce A au noeud & et un atome d’espéce 
d’ordre a longue distance en soient absents. B au noeud 

Ce n’est pas 14 une proposition complétement Dans le cas des substan 
nouvelle; elle se trouve plus ou moins implicitement distance (cas des solutions solides 
admises dans plusieurs mémoires. Hume-Rothery identique a py quand p,N désigne 
[2] déclare « It is almost certain that inmost primary d’atomes d’espéce A, sur les V noeuds 
solid solutions there is a short range order » ; Barrett considéré; la probabilité m2 4 »(X,, x 
[3] énonce: « Ideally, solute and solvent atoms are alors que du module du vecteur x 


noterons nous par quand les noeu 
*Received March 24, 1953. ai? os 
tONERA, Paris, France. Maintenant aux Laboratoir j sont en position de g voisins 
de la Société Alsacienne de Constructions Mécaniques lé Nous dirons qu'il cutiatie tut: aden petite distance 
communications), 51 rue de J'Amiral Mouchez, Paris 


France entre g“”” voisins quand le fait de savoir qu’ 
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resin 

ee trouver un atome A au 
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existe un atome d’espéce A au noeud k modifie la 
probabilité de trouver un atome d’espéce B au 


te me 


noeud 7 


No est différent de pu Pa. 


Les fonctions %o,cp (ol C et D peuvent désigner 


voisin du noeud k), c’est-a-dire quand 


indifféremment toutes les espéces d’atomes) ne 
peuvent étre choisies indifféremment; ces fonctions 


doivent satisfaire les relations: 


No = Pe. 
D 


Pour un alliage binaire AB nous obtenons: 


N2,44a\q) T N2,4B\"q) = Pa, 


(3) + = 

il existe deux relations entre les trois fonctions ne» 
(Mo 4B = Ne. Ba) de sorte que nous pouvons toutes 
les exprimer en fonction d’une seule d’entre elles. 
En choisissant m2, 44 comme variable principale nous 
trouvons ainsi: 


No aB\’) = Neo pal’) 


Dans le cas général ol m espéces d’atomes sont 
2 fonctions m» différentes 
9 


présents il existe m(m + 1) 


liées par m relations; il y a donc m(m — 1) 


fonctions m2 principales. Nous voyons ainsi que les 
solides binaires se 


solutions présentent de facon 


trés spéciale (une seule fonction m2 suffit a tout 
déterminer); c’est pour cela qu'il est relativement 
facile d’obtenir des renseignements précis (thermo- 
dynamique, diffusion des rayons X etc.) pour ces 


solutions. 


3. Ordre a Petite Distance et « Théorie 
Statistique des Propriétés des 
Solutions Solides » 


Smoluchowski [5] envisage les influences des 


fluctuations locales dans la solution solide; il suppose 
au préalable un désordre idéal c’est-a-dire que 
N» cp = Pc Pp. La probabilité pour que les z atomes 
voisins d’un noeud A comprennent r atomes A est 
alors P(r 


qu’apporte un atome A de la solution solide a un 


= C,’ p4’ la contribution moyenne 


phénoméne physique quelconque WM dépendant de 


r est alors proportionnelle 2 
(6) >> P(r) M(r) 


alors que la contribution similaire due a l'entourage 


moyen 
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rP(r) 
P(r) 


= 
serait: 


M (zp,). 


(7) 


Smoluchowski a montré que dans certaines con- 
ditions les expressions du type (6) étaient en meilleur 
accord avec les faits que les expressions simples du 
type (7). 

L’existence d’un ordre a petite distance conduit a 
P(r) ci-dessus 


remplacer la_ probabilité détaillée 


a)". ("2 
Pa Pa 


Nous voyons ainsi que les considérations statis- 
tiques de Smoluchowski et la notion d’ordre a petite 


par: 


(S$) 


distance sont indépendantes. 


4. Définition du Modéle de Solution 
Solide Adopté 


Nous choisissons un modéle tout a fait analogue a 
celui adopté pour la plupart des théories des modi- 
fications ordre-désordre: 

1° Le réseau est parfait, sans distorsion, tous les 
noeuds sont occupés; on néglige tout effet d’agita- 
tion thermique. 

2° On admet que |'énergie potentielle totale est la 
somme des énergies mutuelles des atomes pris deux 
a deux. 

Ce modéle, outre les bonnes prévisions qu'il 


permet de faire au sujet des modifications ordre- 
désordre, nous a permis récemment d’expliquer les 
déviations expérimentales relatives a la loi de 


Vegard [6]. 


5. Expression de l’Intensité du 
Rayonnement X Diffusé par une 
Solution Solide 


La diffusion des rayons X constitue un moyen 


d'études important —et le seul direct —de l’ordre 
a petite distance. Les expressions de l’intensité du 
rayonnement diffusé ont déja été données par 


Wilchinsky [7; 8] et de fagon plus compléte par 
[9]. Nous 


pressions 4 partir d’une formule plus générale que 


Smoluchowski avons retrouvé ces ex- 


nous avons établie par ailleurs [10] : 


(9) I(h) = I.(h)N {papal Fa(h) — 
— cos(h- r)b(r,h)} + 1.(h) [pa 


> cos{h - (x, — x,)] 


2 

j 
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ot h désigne le vecteur 27($ — S»)/A; et So étant 
les vecteurs unitaires dirigés suivant les rayons 
diffusés et incident (le module h de h posséde la 
valeur 4m sin@/d si 20 désigne l’angle de diffusion) ; 
[,(h), Vintensité diffusée par un électron placé dans 
les conditions considérées; et F4(h), le facteur de 
structure de l’atome d’espéce A. La fonction b(r, h 


est égale a : 


No cp\’ ) 
be 


ot les indices C et D peuvent désigner toutes les 


Fp (h) 


>> Fe(h) pel Po — 


D 


(10) db(r, h) 


espéces présentes d’atomes (ici A et B). 


Le deuxiéme terme de (9) contenant la double 
somme, représente des termes analogues en tous 
points 4 ceux qui correspondent a un cristal parfait; 
ce terme sera responsable des taches ou des raies de 
diffraction. Nous nous occupons maintenant unique- 
ment du premier terme qui conduit a des variations 
lentes de l’intensité en fonction de l’angle; dans tout 
ce qui suit «intensité diffusée » nous servira a 
désigner ce premier terme uniquement. 

Les relations (1) permettent de mettre sous 


la forme : 


(11) b(r, h) = [Fa(h) — No 44(r)]. 


L’ « intensité diffusée » peut donc s’exprimer par : 


T.(h)N[F4(h) — 


cos(h-r)- 


(12) 

afin de pouvoir mettre le produit p4 ps, en facteur 
nous écrirons : 


Ith papal Fs (h) — 


41 cos(h - r)P4 


Pp 


(13) 


Nous avons fait apparaitre les quantités m2, 4 dans 
cette formule parce que ce sont des expressions que 
nous calculerons dans la suite de cet article. On peut 
obtenir une expression plus symétrique de l’intensité 
en faisant intervenir les quantités m2 4, puisque : 


_ N» 
Pr Pa 


on reconnait dans l’expression (14), la valeur des 


(14) 


coefficients a, utilisés par Warren et ses éléves. 
L’intensité diffusée peut alors s’exprimer par : 


a, cos(h - r)t 


(15) = papal Fs(h) 


\ 
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Pour détailler la notation }> par rapport a r, con- 
sidérons par exemple le systéme cubique a faces 
centrées; il existe 12 premiers voisins d’un atome 
quelconque et par conséquent nous aurons dans la 
somme en question 12 termes facteurs de a;; chacun 
cos (h r; COS @ ou 


h et 


de ces termes sera de la forme 


@ désigne l’angle formé par un des douze 
vecteurs Pr}. 

Quand il n’y a pas d’ordre a petite distance les 
coefficients a, sont nuls et l’intensité devient égale 


a 


(16) JI(h) = 1,(h NpapalFa(h Fp(h)| 


formule fournie par Laue L'ensemble des con- 


11). 
sidérations et hypothéses faites par Smoluchowski |5) 
conduit a prévoir cette derniére expression (16) pour 
l’intensité diffusée. 

L’intérét des formules (13) et (15) est qu’elles ne 
font intervenir qu'une seule des fonctions nz et que 
par conséquent on peut donner une interprétation 


simple de ces formules. 


6. Calcul des Termes ,,(7, 


Nous désignons maintenant Pp, par p et m2 44 par 


Pour le calcul des m2 nous utiliserons les données 
de l'article d’ Yvon [12] sur les transformations ordre- 
désordre et nous renvoyons le lecteur pour les 
définitions et les autres développements a un autre 
article [13]. Nous employons toujours l’approxima- 
tion 

17 


+ » log B 


La plupart des solutions solides appartiennent au 


= log B; 


lc No 


systéme cubique faces centrées aussi nous n’exa 
minerons que ce cas. Nous avons déja donné pour 
14 


quand on 


ce type de réseau les expressions permettant le 


calcul des ne suppose que seules les 


énergies entre premiers et seconds voisins sont non 
nulles et que l’on ne fait intervenir que les termes 


B, et Bs. Ces expression sont les suivantes 


log ; + 4 log 


= 
log —3 


tlog B 


‘OL. N». 
953 
Ne 
| 
W1, U 
Bo (2 
log 2 log B3(1; wi, 
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La quantité w, représente 


") est définie par 


— 2Wasp W(r 


ou l’énergie a 


19) W 


par exemple, désigne 1|’énergie 


quand 
potentielle de deux atomes A et B situés sur deux 


noeuds en position de g voisins; nous n’aurons a 


considérer que deux valeurs de w,: w, (premiers 


voisins) et ws (seconds voisins 
Nous devons maintenant évaluer les valeurs des 


termes des types suivants : 


ou a et } désignent indifféremment les valeurs w, et 
que peut prendre x 


L’expression de B 


20) Bala 


Cul de B 


En écrivant que les probabilités et 


figure 1) possédent une valeur commune égale 


nous obtenons (voir | }] 


nN soit x(1 + sb 


soit x(1 + ya 
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=p soit 
x + xya + xzb + xyzab 
l+x+ yz + x2b + xyzab 


ya) + sb 


(1 + y)(1 + 2) + x(1 + ya)(1 + 2d 
En considérant la relation (23) comme une équation 


en x, nous obtenons : 


(24 


Pour obtenir l’équation en y nous effectuons les 


transformations suivantes : 


25 — Dp avr 


en remarquant que d’aprés sa définition y est obliga- 


toirement positif nous obtenons 
(26 
ya 


De méme facon on peut établir que 


1 — 2p) + 4bp( 
l — p 
Le calcul du terme B;(1; a,b) s’etfectue en identifiant 
les deux expressions de 7 


yz + xyzab 


puis en transformant la premiére 


x yz + 
+ ya)(1 + 2b)(1 
p (1 P) +- yasb 
T ya 
nous pouvons obtenir 


B (l:a,b) = 
(1 + ya) (1 


386 
log log B (1; wy, Wy 
P (23) pb = 
+? log B 1: Wo, We), ' 
— = 
log = log B Wo, Ws), 
(l+y)(l+a 
y- ( — = p - 
b 
p 2lity) p » 
Walkt d’ot 
é 
|__| yz 
Dp = = 
s(l+y vil +2 
(1 + ya)(1 + 
B.(a), B3(1; a, 6), Bz (1: a, a), Bs (a: a, 0,), 
B; (b: a, a), B3(a; a, a — — p = 0; 
(2) est [12 
+ 4ap(1 — p) 
l+(a—1)2p— Vy (2p — 1) + 4ap(1 — p 
(a —1 
\ (1+ y)(1 + 2) + x(1 + ya)(1 + 2b 
x + 
a b expression en : 
2 
Y 
FIGURE 1 l 
(21 n, = = +: 
(27) P 
(22) = 2(1 +9 


FOURNET: ORDRE A MISTANCI 


Nous avons trouvé que la méthode la plus rapide 
d'effectuer les calculs numériques était de passer par 
lintermédiaire de la détermination des valeurs de 
ya et 2b. 


Calcul de B; (1; a, a) 


Nos calculs précédents sont valables a condition 
de Supposer que ad = b et par conséquent que Vy = 2; 


le résultat est donc 


B;3(1:a,a) = 


(1 + ya)? 


Nous avons obtenu une autre expression du terme 

B;(1; a, a) ot le radical ne figure qu’au dénomina- De méme, pour atteindre la valeur dé 
teur mais l’expression que nous donnons permet les nous considérons en premier lieu 
calculs numériques les plus rapides. 


Calculs des B;(a; a, b) et B3(b; a, a 


En écrivant que d’une part, ” 


Nos calculs précédents concernant B 


1, a) sont valables a condition de posel 


par conséquent f; nous désignerons 
tenant la valeur commune de s et ¢ pat 
29) ‘équation en s obtient directement a 


l’équation en 30 


xpression cle B 


ce qui permet de déterminer s au moyen ; ) 
Nous sommes donc maintenant en mesure de 
] 


prévoir le réseau réciproque de la solution solide 


tion 


considérée nous avons cl ja ettec tue ce 


le cas des alliages Au-Cu 
ture critique 
ou encore 


T(h 


1) s*(1 — pja 


“#p)\< 


Le calcul de B;(a; a, b » en identifiant les nous pouvons considérer a l’intérieur de l’accolade 


deux expressions de n e coefficient 7,(h) d’un a, déterminé; ce coefficient 


387 
+ is aD 
nN 
B a B ad: d, 
aprés transformation 
a | T at 
1+ Ysa+ b)f 
1 
(l—p) +5) (ya) d’ou 
2) 
32) B3(a;a, b 
) é 3 
B;(b; a, a), 
= (fi. 2) soit Bs(b) Bs(b; a, 
pour obtenit 
4) 
é re 
33) B3;(b;a,a 
J ] 
7 Calcul de B 1, a2, a 
1953 s s 01 
4 ) 

I cle 
et que d’autre part ” p soit : 

1+ 2 4 
solt encore 
) 
nous obtenons pour l’expression de 1: a, a) est.alors 
p | + + sh 
l—p 14+ 2sa + sab 360 B:(a:a.a 
19s +t L sh travail dans 
i-dessus de le ur tempera 
tensite dittu : 
(3 + — 8D )dal 
{ 
41+ > a,cos (h.r 
+ s°(1 + s(1 — 3p — ab) —p=0 
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est la somme de c, cosinus, c, étant le nombre de 


voisins d’un atome quelconque. A titre 


d’exemple les figures 3 et 4 représentent les courbes 
de niveau de 7,(h) et 72(h 


du réseau réciproque (chaque figure représente une 


relative au plan (1.0.0. 


maille). 


FIGURE 4 


La valeur de Ja limite de l’intensité diffusée aux 
trés faibles angles s’obtient a partir de la formule 


vénérale : 
\ bis 


7. Cas des Solutions Solides Peu 
Concentrées en un des Eléments 


Nous choisissons pour atomes dont nous effectuons 
la statistique ceux qui sont en faible proportion; p 
est donc petit (inférieur a 0, 1 par exemple). Nous 
avons calculé les développements limités des termes 
By et B 

Le calcul relatif 4 B.(a) est simple : 

B,(a) = — Z(a — 1)p 


+ p (a — 1)(5a — 4) +... 


Pour déterminer la valeur du terme B;(1: a, 


convient d’établir les développements : 


RGICA, 


1953 


1, 
y= + p(2 —a) +... 


z= pil + p(2 — + 


ce qui fournit en définitive : 


La valeur de B;(1; a, a) s’obtient immédiatement 


B;(1;a, 1+ p(a — 1) 


a) = 


— (a — — 2) 
a détermination du développement du paramétre 


= pil + (3—a-—b p+ (9 — 8a — 7b 


+ 3a + 3ab + 2b —ab)p + 
permet de calculer 


B:(a:a,6b) = 


+ pia — 1)(0 — 
—p(a—1)(6—1)(4a+ 26-—3)4+... 


1+ p(a — 1)° 


p (a — 1) (6a — 3) 


Il est difficile de donner une limite de validité de 


tous font intervenir les 


nos développements par 


ces développements; 


quantités (a — 1) ou ce qui indique que le 
domaine de validité de 
rapport a la variable p est d’autant plus grand que 
b sont plus voisines de l'unité 


faibles valeurs de W/RT); 


les valeurs de a et de 
(ce qui correspond a de 
nous obtenons ainsi les valeurs de puis des 


coefficients 


Deny 


— 1) 


1) + (w2—1)) +... 


Poor op 
We 


B;(1;a,6) = 1+ 
“4 
-2. 
FIGURE 3 
C) C = 
-Z2 x 7 
4 — p(a — 1) (4a + 2b — 3) +... 
— B;(a;a,a) = 1+ p(a—1) 
6 
a, = pi(w— | v2 — 9) 
—])+...] 
as = pi (We — 1) 
a3 = {2 (w, 1)° + 2(wy — |] — 1) + 
a, =p {(wi—1)°+...} 
as = p {(w.—1)"+... 
|| 
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Examen de la limite de l'intensité diffusée aux tres 


faibles angles 


L’évaluation de la somme S~ 


(expression 15 


bis) fournit 
bles (wi — ]) 


de fagon absolument générale le coefficient du terme 
en p serait >>, c,(w, — 1) 
dans le cas ov la concentration d'un des deux métaux 


Nous voyons ainsi que 


est faible \'intensité diffusée est inférieure a 
tensité prévue par Laue (qui correspond au terme | 
dans l'accolade de l’expression 15 bis) si les énergies 
IV’, sont positives, c’est-a-dire si les atomes A et B 
ont tendance a former deux couples AB au lieu et 
place d'un couple AA et d’un couple BB; nous 
prévoyons ainsi que /a valeur de I(0) relative a des 
alliages subissant les modifications ordre-désordre doit 
étre inférieure a la valeur prévue par Laue; dans le 
cas contraire c'est la conclusion inverse qui serait 
valable. Les expériences (Au-Cu; et Al-Ag) ont con- 
firmé ce fait. 

Nous avons fait remarquer que le développement 
par rapport a p est également un développement en 
; nous voyons ainsi que pour les températures 


élevées les coefficients a tendent vers zéro. L’ex- 
pression de Laue apparait ainsi comme l|’expression 
limite valable aux hautes températures (en sup- 
posant que les conditions physiques soient telles 


que la solution solide existe encore). 


8. Conclusion 


Nous venons ainsi de montrer que pour modeéle 
simple de solutions solides on peut prévoir l’existence 
d'un ordre a petite distance dans la répartition des 
atomes; nous donnons une méthode de calcul pour 
déterminer les différents paramétres d’ordre a 
petite distance. L’expérience a confirmé pour des 
solides Al-Ag l’existence telle 

d’atomes. Nous 


briévement nos prévisions théoriques relatives a 


solutions d’une 


répartition avons déja donné 


cet alliage; elles sont en bon accord avec les faits [15] 


\ 
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Notons que les phénomeénes de diffusion des rayons 
X 


toujours faibles, il conviendra d’employer une trés 


produits par ‘ordre a petite distance étant 
bonne technique expérimentale si on veut les mettre 
en évidence 

Dans le cadre du modéle de solution solide que 
nous avons adopté la diffusion des rayons X est 
liée aux valeurs de la fonction W(r) alors que nous 
avons montré par ailleurs que l'étude des écarts a 
la loi de Végard permettait d’atteindre les dérivée 


la 


une relation entre ces deux types de 


de fonction W(r); nous voyons ainsi apparaitre 


phénoménes, 
a permis de confirmer 


relation qui nous certains 


résultats théoriques sur la loi de variation du 
paramétre des solutions solides Ag-Au. 

Ce travail peut se poursuivre en examinant, d'une 
part, influence de l’ordre a petite distance su 
dittérentes propriétés mégnétiques, et d’autre part, 
et étendant les mémes considérations a des solutions 


ternaires. 


Bibliographie 


Phys. Soc. Lo 
Atomic Theory 
The Institute 


don, 57 (1945) 310 
for ice 


Metals, 


Pro 
\\ 
Londot 


1. GUINIER, A 

2. HuME-ROTHERY, 
Metall irgy 
p. 110 
BARRETT, C.S. Structure of 
York, McGraw-Hill, 1952), p 
WALKER, C., ELIn, J., et 
Paris, 235 254 
SMOLUCHOWSKI, R 
84 (1951) 511 
FOURNET, G 
WILCHINSRY, Z 
WILCHINSKY, Z 
SMOLUCHOWSKI, | 

G 


st ts ol 


ot 1946 


Metals, ‘ 


| 
(JUINIER, 


1952 


Phys 


Re¢ 


15 (1944 
64 (1943) 257 
M Cri 


SUH 


FOURNET 74 


1941 

YVON, 
FOURNET, G. 
G 


Cahiers de Phvys., 28 


Phys 


1945 
\ppl 
FOURNET 
FOURNET, G 


1953 


T 
ne (New 
\. C.R. Acad. S 
s J. Phys. (1953 
63 (1943) 223 
5 
37 
11. Laut M. VON Réntgenstral terferenz Leipzig 
12 
13 13 (1952) 14A 
14 
Acad. Sci., P 


THE LOCATION OF OXYGEN ATOMS IN VANADIUM-OXYGEN ALLOYS 
BY MEANS OF NEUTRON DIFFRACTION* 


W. TUCKER, Jr.,j A.U. SEYBOLT,{ and H. T. SUMSION} 


omparison of X-ray 
adium-oxvgen allovs 


ivantage because of the large scattering 


itrons. In an alloy cor 
octahedral positions of a body-centered tetragonal lattice, 


LA DETERMINATION DI 
\LLIAGES VANADIUM-OXYGENE, Al 


itaining 21.0 atomic per cent oxygen, the oxygen 


L’EMPLACEMENT 
MOYEN DE LA DIFFRACTION DES NEI 


and neutron diffraction is made for the purpose of locating oxygen atoms 
In the region of low oxygen content, neutron diffraction possesses a 
factor for oxvgen and the low value for vanadium 


atoms are found in 
as inferred by earlier workers using 


DES ATOMES D’OXYGENE DANS LES 
TRONS 


comparaison est faite entre la diffraction des rayons X et la diffraction des neutrons dans le 


la localisation des atomes d'oxygéne dans les alliages vanadium-oxygéne. Dans I 


Cas de la 


tion des neutrons, le facteur de dispersion est grand pour l’oxygéne et faible pour le vanadium, 


méthode est, | | 


ne Dans un alliage contenant 


uuves dans les positio1 S taédriques d’un réseau tétragonal centré, ce 
its par des chercheurs utilisant la diffraction des rayons X. 


ts des travaux antérieurs fait 


DIE BESTIMMUNG DER 


par conséquent, beaucoup plus avantageuse dans la région de 


21,0 pour cent en atomes d’oxygeéne, les atomes d’oxygéne ont 


LAGE 


faibles teneurs en 


qui coincide avec les 


DER SAUERSTOFFATOME IN 


VANADIUM-SAUERSTOFF LEGIERUNGEN MITTELS NEUTRONENBEUGUNG 


Vergleich zwischer R6ntgen- und Neu 


toffatome in Vanadium-Sauer 


ntratione 


ng befande1 


Introduction 


The value of the neutron diffraction technique in 
the study of certain types of crystal structure pro- 
now been amply demonstrated. Such 


blems has 


problems usually involve those cases for which the 
relative X-ra‘ 


in the crystal are not favorable for distinguishing the 


scattering powers of the various atoms 


X-ray scattering by the different atoms involved. 
We have recently had occasion to study the posi- 
tions of oxygen atoms in vanadium-oxygen alloys. 
This problem constitutes an interesting application 
of the since, for neutrons, 


neutron technique 


vanadium has a very much smaller scattering ampli- 


tude 


than oxygen, while with X-rays the opposite is 
true. 
The 


studies of vanadium-oxygen solid solutions made by 
Seybolt and Sumsion 


problem arose from some metallurgical 
||. Their work shows that as 
oxygen is added to pure vanadium, with its body- 
ay = 3.026 A 


ola body -centered tetragonal structure first appear 


centered cubic structure faint lines 


at 3.2 atomic per cent oxygen. They designated this 
phase as the 83-phase and found its lattice parameters 
eceived March 20. 1953 
olls \tomic Pe wer Laboratory. General Elec tric 
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ronenbeugung wird a 
stofflegierung 
n hat die Neutronenbeugung wege! 
sufaktors des Vanadiums fiir Neutronen grosse Vorteil 


sich die Saue 


gv gestellt, um cic Lage der 
festzustellen. Im Gebiet der niedrigen Sauer- 
1 des grossen Streufaktors des Sauerstoffs und 
In einer 21 prozent Sauer- 
rstoffatome in den Oktaederplatzen eines 


i 
itoren friiherer Arbeiten auf Grund von R6ntgen- 


= 2.99 A, ( 


of 1.090. These parameters remain constant up to 15 


to be a = 3.26 A, giving an axial ratio 
atomic per cent oxygen which marks the phase 
boundary for the pure 8-phase. Beyond this and up 
to 32 atomic per cent oxygen, the structure becomes 
more tetragonal, reaching limiting values of ay = 
2.94 A, cy = 3.50 A with an axial ratio of 1.19. Above 
the 22 per cent region, there is a two-phase region 
involving the 8-phase and VO. The compound VO 
1081 A. The 


problem which naturally arose was the location of 


has the rock salt structure with ay = 


the oxygen atoms in the tetragonal 6-phase. 

For the simple crystal structure of the 6-phase, the 
structure factor for every reflection involves either 
the sum or the difference of the vanadium and oxy- 
gen atomic scattering factors. Thus, for maximum 
sensitivity in locating oxygen atoms, one compares 
reflections for which the scattering by the oxygen and 
vanadium atoms oppose and reinforce one another. 
In the alloy containing the maximum amount of oxy- 


gen in the $-phase, namely 22 atomic per cent 


oxygen, one compares reflections for which the fac- 
— 0.28 , Where fy is 
that 


for oxygen, are involved. The atomic scattering fac- 


tors (fy + 0.28 f,) and (fy, 


the vanadium atomic scattering factor and f, 


tors for X-rays vary with (sin 8) /\, and for a typical 


value, the above functions would be 18 for ‘“‘in 


phase” and 15 for ‘“‘out of phase” scattering by the 
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FIGURE 1. Neutron diffraction pattern of 


vanadium and oxygen atoms. For neutrons, due to 
the relatively high scattering cross section of oxygen 
and the low value for vanadium, the functions be- 
come (aside from a scale factor) + 11 for “in phase”’ 
and — 21 for ‘‘out of phase”’ scattering. Thus, while 
the oxygens make only 18 per cent difference in the 
X-ray case, they change the structure factor by a 


) 


factor of 2 in the case of neutrons. From the above 


») 


discussion, it is clear that in the case of the 22 


atomic per cent oxygen 6-phase alloy the neutrons 
could be expected to give a decisive answer regarding 
the oxygen atom positions, whereas the X-rays would 
require very accurate intensity measurements. 

A neutron diffraction pattern of the 6-phase was 
obtained for us by E. O. Wollan and W. C. Koehler 
of the Oak Ridge National Laboratory by the tech- 
described by 


niques which have previously been 


Wollan and Shull [2 


|. The integrated power in the 


diffraction peaks has been placed on an absolute 
basis by comparison with the powder pattern for 
nickel for which the coherent scattering cross section 
0.2 


as 


has been accurately determined, Nigon 13. 


barns. The powder formulas are the same for 
X-rays except that with neutrons there is no polariza- 


tion factor. For cylindrical samples as used here, 


y BN p' F 


n p sin @sin 26 


(1) P,, 
where 
P 


¥* apparatus and calibration constant: 


observed intensity in counts per minute; 


absorption correction ; 

number of molecules per cm*; 

number of molecules per unit cell; 
powder and solid densities, resper tively; 
structure unit cell 


cm < 1G": 


multiplicity factor; 


amplitude per 


Bragg angle. 


The oxygen amplitude has been taken as 0.58 > 


10-!2 cm from the work of Shull and Wollan [3] and 


21.0 atom 


per ct 


the vanadium amplitude, as 0.48 10 


from the work of Peterson and Levy [4]. 
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and the tactor (0.266 f,. — f, 
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rABLE | 


OBSERVED AND CALCULATED VALUES FOR 
, 21.0 Aromic PER CENT OXYGEN 
8-PHASI 


AND IN 
\LLOY OF THI 


P F F 
observed calculated) (observed calculated 
LOO 
133 
21 

10 
10 
17 


21] 85 


between the observed and cal- 


The 


culated structure factors in Table I is 


agreement 
seen to be 


only fair on an absolute basis. However, on a 


relative basis the agreement is quite satisfactory. 
Since odd 


even 


the reflections with have structure 


factors of 1.7 times those with / compared to 
a value of 2.0 for the assumed structure), the data 
serve ver\ well to establish the fact that the positions 
of the oxygen and vanadium atoms are as given by 
the Klemm and Grimm structure [5]. The fact that 
the agreement is only fair between the 1.7 value for 
the ratio of the observed structure factors for ‘‘out 
the 2.0 


value for the calculated value, is probably due to the 


of phase”’ and “in phase” reflections and 
“in phase” reflections being just barely observable 
and their intensity values, therefore, considerably 
less accurate. 

There are two points regarding the data in Table | 
First, there is an extra re- 


a Bragg angle of 4° 24’, the 


which need discussion. 
flection which occurs at 
first in the table, which is apparently not a part of 
the structure. This extra reflection may be due to 
an impurity of some type, possibly from a trace of 
a higher oxide of vanadium. However, assuming that 
it is a reflection of low index with j = 2, it actually 
has a structure factor somewhat less than the weak 
reflections which are just observable. The fact that 
it appears so important in Figure | is due to the 
factor 1/(sin @ sin 26 
greatly enhances the apparent importance of the re- 


in equation (1). This factor 


flections with very low Bragg angles. An alternative 
explanation for this peak is that it is associated with 


short range order of the oxygen atoms. However, the 
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interplanar spacing for the peak, 7.6 A, 


eliminates this possibility. The further 


large 
probably 
possibility that the oxygen atoms are ordered on 


planes perpendicular to the c-axis in alternate unit 


cells (thus producing a spacing of d = 7.0 A) can 


also be ruled out, as it would produce other reflec- 
tions which are not observed. The possibility that the 
peak may be of magnetic origin has not yet been fully 
investigated. 
The fact that 
Table I are about 20 per cent higher than the cal- 
culated difficult to 


assuming that the true composition of the alloy is 


the observed structure factors in 


values is more reconcile. By 
25 rather than 21 atomic per cent oxygen the agree- 
ment is much better. However, examination of the 
X-ray data of Seybolt and Sumsion |1] definitely 
indicates that the 6-phase cannot retain more than 
22 per cent oxygen, unless there is some (and the 
same) systematic error in the two methods of chemi- 
cal analysis used on their alloys. But, since the rela- 
tive values of the structure factors for the 8-phase 
are in good agreement, and the calculated intensities 
are highly sensitive to small variations in oxygen 
content, it does not seem necessary to question the 
validity of the structure of Klemm and Grimm [5] 
for the 6-phase. 

This work is another example of the usefulness of 
neutron diffraction in determining atomic positions 
in special cases with relatively simple structures and 
favorable values of the coherent scattering ampli- 
tudes. Vanadium compounds constitute a rather 
special case because of the anomolously small co- 
The 
neutron method is applicable when a majority of the 
X-ray diffraction 


would have been employed for determining the 


herent scattering amplitude of vanadium. 


atoms are vanadium, whereas 
position of a small fraction of vanadium atoms in 
the presence of a large fraction of oxygen atoms. The 
work confirms the structure suggested by Klemm and 
Grimm [5] for the 8-phase. In this structure the 
oxygen atoms take the octahedral positions in the 
body-centered cubic vanadium structure and there- 


by deform it into the observed tetragonal structure. 
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THE SURFACE STRUCTURES OF DEFORMED ALUMINIUM, 
COPPER, SILVER, AND ALPHA-BRASS, AND THEIR THEORETICAL 
INTERPRETATION* 


DORIS KUHLMANN-WILSDORF} and HEINZ WILSDORF{ 


rhe surfaces of deformed aluminium, copper, silver, and a-brass are investigated with an electron 
the same preparation technique throughout. The three pure metals examined 
urface structures after deformation, namely an elementary structure and slip bands. 
On deformed a-brass neither an elementary structure nor slip bands are visible, but instead single 
slip lines, apparently arranged at random. 

lhis evidence is discussed theoretically and the following conclusions are drawn: 

1. The simultaneous occurrence of slip bands and elementary structure on the three pure metals 


nd the absence of both on a-brass strongly supports the idea, put forward in a previous paper, that 


microscope using 
show similar 


ng 


two types of surface structure indicate two different mechanisms of plastic deformation. 
two mechanisms of plastic deformation are discussed, and the conclusions drawn are com- 


ired with experimental evidence 
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11 ; 7 of deformed metals have already partly been incor- 
. ts etataeareees porated in, or even been chosen as the basis of, a 


During recent vears, and especially since the dis- number of new theories in the field of plastic de- 


covery of slip lamellae in the slip bands of aluminium 
by Heidenreich and Shockley [1; 2] 


examination by Brown [3;4;5], interest in the surface 


formation. In particular, the results obtained by 
and their closer Brown that on aluminium slip lines or slip lamellae 


are formed suddenly, and are all of about the same 


structures of deformed metals has increased greatly. 


The results obtained by the examination of surfaces 
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strength (approximately 2000 A), have given rise to 
much speculation. In a recent investigation [6; 7; 8], 
however, the authors failed to confirm Brown's result 
of a nearly constant slip on each slip line in alumin- 
ium, while the speed with which slip lines form 


could not be investigated conclusively. Instead the 


slip bands develop out of an elementary structure. 
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PLATE I. Figure 1—Elementary structure on polycrystalline super-purity aluminium; elongation 41 per cent; 20,000 x 


Figure 2—Elementary structure on polycrystalline super-purity copper; elongation 23 per cent; 20,000» 
Elementary structure on polycrystalline super-purity silver; elongation 27 per cent; 20,000 > Figure 
and elementary structure on super-purity aluminium single crystal; elongation 18 per cent; 10,000 
bands and elementary structure on super-purity copper polycrystal; elongation 17 per cent; 20,000 > 
bands and elementary structure on super-purity silver polycrystal; elongation 27 per cent; 20,000. 
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Figure 3 
Slip bands 


% . 
y 
5 6 
Figure 5—Slip 
Figure 6—Slip 


12 13 


PLATE II. Figure 7—Two systems of slip bands on super-purity aluminium crystal; elongation 20 per cent; 7,500 X. 
Figure 8—Two systems of slip bands on super-purity copper polycrystal; elongation 23 per cent; 10,000. Figure 9 
lwo systems of slip bands on super-purity aluminium single crystal; elongation 28 per cent; 6,000. Figure 10—Two 
systems of slip bands on electrolyte copper polycrystal; elongation 25 per cent; 6,000. Figure 12—‘‘Uncrystallo- 
graphic”’ slip band on polycrystalline super-purity aluminium; elongation 21 per cent; 15,000. Figure 13—‘“Un- 
crystallographic” slip band on polycrystalline super-purity copper; elongation 23 per cent; 22,500 X. 
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PLATE III. Figure 14 
array of slip lines on commercial polycrystalline silver; elongation If 
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PLAT gure Oo I l rass; elongation 5 per cent; 
20,000 i ines of Q atly \ depth o1 polycrystalline a-brass: note the 
exceeding t: 20.000 Figure 22—Cross 
slip on polycrystalline a-brass; elongatio per re 2: yparentl rvst raphic slip lines 
caused by double slip: polvery iss; elongation 24 per cent igure 2 ross slip on polycrystalline 
a-brass; elong 5 t; 20,000 » ‘igure 25—A svstem of slip lines crossing a rrow twin: polycrystalline 


a-brass; elor 5000 &. 
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Pirate V. Figure 26—Peculiar cross slip near an etch pit in a-brass; elong 
A twin constituting a strong obstacle against the light slip lines approaching 
polycrystalline a-brass; elongation 3 per cent; 20,000 Figure 28—Slip lit 
a-brass; elongation 5 per cent; 40,000. Figure 29—Irregularities i series of 
crystalline a-brass; elongation 3 per cent; 20,000 X 
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slip distances on very pure aluminium, deformed 
with normal strain rates at room temperatures, were 
found to vary continuously from a few Angstroms 
to 1200 A or possibly even more. Lines as deep as 
2000 A, however, have never been observed at all. 
The average slip on the slip lines was between about 
300 and 400 A. Moreover, a new surface structure, 
called the elementary structure, covering the whole 
surface between the slip bands was discovered. 

To explain this discrepancy two ways are open: 
either by some unfortunate circumstance the pre- 
used by Heidenreich and 


paration techniques 


Shockley [1; 2] and by Brown [3; 


t | do not give a 
true picture of the surfaces, or otherwise the surface 
structures on aluminium vary greatly with the con- 
ditions of straining or the purity of the aluminium 


or both. As Brown arrives at the slip distance of 


2000 A for quite different straining conditions the 


latter explanation is unlikely, and therefore we are 


inclined to believe in the former. But whatever the 
reason for the discrepancy, serious doubt is cast on 
theories based on the existence of a definite, almost 
invariable slip distance. 

So far the surface structures of only aluminium 
have been investigated in detail. Therefore it seemed 
of paramount importance to examine some other 
metals in order to obtain information as to the extent 
surface structures on deformed 


to which the 


aluminium are characteristic of this metal only, and 


to what degree they are of general significance. 


The metals investigated in the present paper are 


electrolytic copper; oxygen-free super-purity coppel! 
and super-purity silver, both from Johnson, Matthey 
Ltd., 
(about 99.8-99.9 


and Co. London; commercially pure silver 


; and commercial 70 : 30 a-brass 
The specimens were rolled and, after heat treatment, 
polished electrolytically without any previous mech- 
anical polishing.* The specimens were subsequent- 
ly elongated at room temperature at a strain rate 
of about 1 per cent per second. The electron micro 
scopi replicas were prepared by methods similar to 
that 


silicon monoxide was directly evaporated on to the 


described elsewhere l6]. Without ex eption, 
polished, deformed metal surfaces. Thus the obvious 
differences in the surface structures of the various 
metals examined are real, and cannot be attributed 
to varying experimental techniques. 

Following the nomenclature of earlier papers, the 
surface steps visible with the light microscope, but 
consisting of a number of finer steps only resolvable 


Che 


in the electron micr« scope, are called slip bands. 


*\ detailed account of all experimental methods employec 
will be published shortly. 
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individual steps in them, or in general any atomi 


planes on which slip has taken place, are called slip 
ines. The height of a slip line or of a slip band means 
the amount of slip which has taken place on it, and 
slip /amella means the material between two neigh- 


bouring slip lines in a slip band. 


Il. The Surface Structures on Deformed 
Polycrystalline Copper and Silver 


Investigation with \Jicroscope 


The surface structures investigated on the de- 


formed copper and silver, irrespective of purity, are 
similar to those on aluminium described elsewher« 


6;7;8]. On copper and silver, as on aluminium, an 


elementary structure forms at low strains, becoming 


somewhat more marked as the strain increases, and 


only then do slip bands appear. Figures 1, 2, and 3 


show examples of the elementary structure and 


Figures 4, 5, and 6 give ex umples ol slip bands on 
aluminium, copper, an \s copper has been 
examined more ¢ losely th in silver and ( onsequenth 
more photographs are available from copper, the 
close resemblance of the structures on aluminium to 
those on the other metals is demonstrated only for 


the case of copper, in Figures 7 and 8, 9 and 10, but 


the structures are much the same for silver. Indeed, 


it is often difficult to distinguish between replicas 


taken from aluminium, copper, and silver, 


be seen trom Figures 4 to 10 


ference which has SO tal 


been dis overed between the three met ils Is \ isible 


he only important dif 


Figure 1, 2, and 3: The lines of the elementari 


structure are much clearer, deeper, and more closel\ 


spaced on copper and silver than on aluminiun 
While on aluminium at medium strains the 


spacing ol the elementar\ is about 


Table I of [9]), it 
300 A lor copper. 


is onl 
\lso, the slip lines i 


more losely spaced In coppt r and Silvel 


\gain, in coy 


are in aluminium. 


already found in aluminium [8], the spacin he 


elementary lines is similar to that of the lines in the 


slip bands. Thus, it is much more difficult to 


fully resolved slip bands on copper and silver 


it is on aluminium. 


In Figure 11, stress-strain curves for the super- 


purity aluminium, copper, and silver are given 


Krom these it c: be seen that between about &S 


per cent and 20 per cent elongation the stress is from 


1.5 to 2 times greater in silver than in aluminium, 


and from 4 to 4.5 times greater in copper than in 


aluminium. Elsewhere [9] it was deduced theoretic- 
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ally that the average spacing of the elementary 
structure d= 1.5 X Gb 
[Sr(1 — where G is the modulus of rigidity, 


should be given by 
the Burgers vector of the dislocations, » Poisson's 
ratio, and 7 the resolved shear stress. If we now 
take into consideration the values for uw, 6, and G in 
the three different metals as well as the above ratios 
for the stresses involved in producing the elementary 
structures, we expect the average spacing of the 
elementary lines in aluminium, silver, and copper to 
be in the ratio of 1 : 0.63 : 0.36, or if we accept the 
value of 400 A as representative of aluminium, we 
find 250 A for silver and 150 A for copper. Thus for 
silver the agreement between the expected and the 


experimental value is excellent, but the agreement 
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\verage stress-strain curves of the super-purity 
and the commercial a-brass 


FIGURE 11. 
aluminium, 
examined 


copper, silver, 


is not very good for copper. The value of 400 A for 
aluminium, on the other hand, was previously [9] 
found to be somewhat smaller than the result from 
the above equation, so that the value of 300 A for 
copper again is not very far from the theoretical 
result. Since necessarily all those measurements are 
not very reliable it does not seem worthwhile to go 
deeper into the matter than to state: 

1. The average spacings of the lines in the 
elementary structure found on copper and on silver 
differ from the corresponding theoretical values by 
approximately the same amount as previously found 
for aluminium [9]. 

2. The thickness of the lamellae in the slip bands 
of each of the three metals is comparable with 
the spacing of the elementary lines in its own 


elementary structure. 


2. Investigation with Light Microscope 


The presence of deeper and more closely spaced 


elementary lines in copper and silver has an im- 
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portant consequence: while on aluminium the strain 


produced by the elementary structure alone was 
found to be in the range of a few per cent only [6; 9], 
it must obviously be much greater for copper and 
silver. This was tested by an investigation with a 
light microscope, comparing surface structures on 
deformed aluminium with those on copper and, as 
will be briefly discussed later, on a-brass. It had been 
found very early in the authors’ study of slip bands, 
even before the actual discovery of the elementary 
structure, that before the first slip bands appear, 
very faint striations, just visible in the light micro- 
scope, form on the surface of deformed aluminium. 
As the deformation increases and slip bands become 
visible the striations apparently vanish, probably 
because, with the then existing constrast between 
dark bands and bright background, the eye can no 
longer perceive them. These striations seem to have 
been observed also by Hanson and Wheeler [10]. 
After discovery of the elementary structure, it 
seemed obvious to correlate the striations with it, and 
with this knowledge it was attempted either to con- 
firm or disprove the idea that in copper and silver 
the elementary structure is responsible for a sub- 
stantial part of the plastic deformation. The result 
is given in Table I. From this table it is clear that in 
super-purity aluminium strained at room tempera- 
ture the first slip bands appear at an elongation of 
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0.25 
1.1 
3.1 
A] ~ 0.2 mm 0.4 
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1.3 
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27 
Cu 
2.0 
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about 0.3 per cent, and that at 2 to 3 per cent half 
the grains show slip bands. This latter strain may 
be taken as roughly the strain due to an elementary 
structure in aluminium. On copper, on the other 
hand, no slip bands were formed below about 2 per 
cent elongation and only at a strain of more than 
15 per cent are slip bands visible in 50 per cent of 
the grains, i.e., in copper the elementary structure is 
responsible for 15 per cent elongation or more. In 
agreement with these results, no slip bands have ever 
been detected on copper and silver at strains up to 
several per cent during the present electron-micro- 
scope observations, whereas on aluminium, for the 
same strains, they were plentiful. An increase in 
grain size seems to have the effect of increasing the 
number of slip bands at a given strain, in agreement 
with the observations by Hanson and Wheeler [10] 


for slow strain rates. 


3. Some Special Observations 


Usually it is difficult to interpret and summarize 
observations concerning slip bands because, as well 
as the familiar straight, parallel bands, there are 
slip band clusters, deformation bands, early multiple 
slip and wavy slip bands, all of which tend to confuse 
the observer. Even the first very faint striations pre- 
ceding the slip bands did not always seem straight, 
but in some grains seemed wavy from the very be- 
ginning when observed with the light microscope. In 
a few cases it was definitely observed that in grains 
with wavy striations the slip bands formed were also 
wavy. This is highly interesting, for should this be a 
general rule, it would mean that the special form of 
the slip bands is determined very early in the de- 
formation process. On the other hand, this observa- 
tion gives additional strong support to the theory 
(9] explaining the formation of slip bands from the 
elementary structure. 

As was just mentioned, the slip bands of alum- 
inium, as well as those of copper, occasionally 
do not run parallel to the slip lamellae, leading to 
wavy slip bands or slip bands which are reasonably 
straight, but are inclined across the direction of the 
slip lamellae. For aluminium this has been dis- 
cussed briefly elsewhere [7]. Figures 12 and 13 give 
examples. In no case was intimate cross slip 
found to be responsible for slip bands having an 
irregular direction over appreciable distances, but in 
all cases these wavy bands consisted of short pieces 
of slip lines on one or two different systems. This 
result might be of interest in connection with a recent 


paper by Trotter [11] who observed irregular slip 


traces on aluminium, slowly strained at an elevated 
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temperature, and believed them to be formed by 
intimate cross slip. However, as no experimental 
evidence has as yet been obtained for aluminium o1 
any other metal strained slowly at elevated tem- 
peratures, it is not vet possible to decide which is 
the correct interpretation of the photographs ob- 
tained by Trotter. 

A few isolated instances of cross slip were tound 
on electrolytic copper (Figure 14) but no cross slip 
at all could be found on super-purity copper and 
silver. Moreover, the cross slip shown in Figure 14 
is of a type not so far observed on aluminium 

Another phenomenon, not found on aluminium, 
is shown in Figure 15 for silver and Figure 16 for 
copper. In both metals this fan-shaped array of 
short slip lines was fairly common, although ap- 
parently it forms only at twin boundaries. This may 
explain why the phenomenon is absent in aluminium; 
it may be some torm of forced uncrystallographi 
slip. 

Figures 17 and 18 show a strange structure which 
the authors are inclined to regard as deformation 
twins. Similar structures were also observed during 
examination of surfaces with a light 


the copper 


microscope. They apparently only form at very 


high strains. 
The Surface Structures on Deformed 
Polycrystalline a-Brass 


Ill. 


1. General Observations 


The surface structures on deformed a-brass are 


very varied and distinctly different from those on 


particular, the 


slip lines on brass do not assemble to form slip bands 


aluminium, copper, and silver. In 
as they do in the other metals investigated, but ther 
are apparently arranged at random and are of great 
varying depths. While the finest slip lines on | 
compare with the elementary lines of alut 
slip on the strongest may exceed 6000 A. Lines 
caused by a slip of several thousand A are not rare, 
and are found side by side with the very finest lines 
Occasionally groups of closely spaced slip lines of 
more or less uniform depth are found which resemble 
slip bands (Figure 19). Such structures are rare and 
are never, even remotely, as regular as slip bands in 
aluminium. Therefore the authors are inclined to 
regard them as accidental, or possibly caused by 
some veometrical softening 12]. Nevertheless, the 
same specimens which in the electron microscope 
show only an array of slip lines of varying strength , 
give the usual impression of being covered with slip 


bands when observed in the light microscope. 
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Sometimes surface regions are found on which the 


slip lines are spaced rather uniformly and are of com- 


paratively even strength so that the impression of 
20). 


Nevertheless it is obvious that no real elementary 


an elementary structure is created (Figure 
structure forms on brass. Thus at elongations of up 
to several per cent, where slip lines of all depths may 
be observ ed, regions as wide as | or Qu exist on W hich 


Figure 21). With 


increasing deformation those regions are gradually 


not a trace ol slip can be detected 


filled up with slip lines. That no elementary structure 
forms on a-brass is also clear from some light-micro- 
scope observations. A specimen with an average 
grain size of 0.4 mm. exhibited sharp slip lines and 
some cross slip in about two-thirds of the grains al- 
ready at 0.1 per cent elongation—a statement which 
should be compared with the results for aluminium 
and copper given in Table I. 

In brass, as in aluminium, copper, and silver, 
there seems to be a smallest possible distance between 
two neighbouring slip lines. This, however, is very 
difficult to prove conclusively, expecially as no single 
crystals have been examined. The smallest dis- 
tances found between neighbouring lines were in the 
order of 120 A 


This figure is by no means accurate and is meant to 


see for example Figures 21 and 28). 


serve as a rough guide only. It may be inaccurate by 
as much as a factor of 2, mainly because the orienta- 
tion of the crvstals is not known. If we calculate the 
theoretical smallest distance of separation ac cording 
to the equation [9] d) = Gb [8r(1 — uw)r], where G, 
bh, and uw have the same meaning as before, we obtain 


a = ] 1Q A 


stress. 


for 7 = 4 kg’ mm’, which is a medium 

A distinct influence of either grain size or heat 
treatment on the depth of the slip lines was found. 
On polycrystals with grain diameters from 0.05 to 
0.3 560°C. for 40 
minutes, the slip on individual lines only rarely ex- 
ceeded 1000 A, the average being about 200 to 500 A. 


Polyerystals annealed for a few hours at 920°C. with 


mm., produced by annealing at 


erains of about | mm. diameter, however, exhibited 
numerous slip lines with slip of several thousand A, 
and the slip on the majority of the lines was about 
500 to 1000 A. 
accurate measurements, but even with painstaking 


These figures are not the result of 


measurements it would be extremely difficult to give 
reliable figures, because the slip lines on each speci- 


men vary very greatly in strength—fine, medium 


and broad steps being distributed over the surface 


irregularly. 
It is likely that the important factor influencing 
the depth of the slip lines is grain size rather than 
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heat treatment because in all cases, starting from 
rolled material, complete recrystallization had taken 
place. Such an influence may be understood theoreti- 
cally. The greatest amount of slip which can take 
place on a single slip plane in a polycrystal, dis- 
regarding possible recovery processes, is that caused 
by a row of piled-up dislocations or dislocation loops 
extending right through a crystal from grain boun- 
dary to grain boundary. This slip can be calculated 
using a formula derived by Leibfried [13] as s & 7/1/G 
where s is the slip in the neighbourhood of the source 
of dislocations, / the length of the active slip plane, 
and G the modulus of shear which for a-brass is about 
{000 kg/mm. For a shear stress of = 4+ kg/mm, 
we thus find that the maximum shear which can take 
place in a single slip line is 1000 A for a crystal 
and 10,000 A for a diameter of 
| mm. This upper limit for the slip on individual 


diameter of 0.1 mm., 


slip lines is in good agreement with the greatest 
depths observed in slip lines as discussed above. 

Observations made during the examination of the 
surface of deformed brass with a light microscope 
also support this view as the very first slip lines were 
already found mostly to extend from grain or twin 
boundaries to grain or twin boundaries. Further- 
more, not only were the slip lines verv much stronger 
in a specimen of 0.4 mm. average grain diameter than 
they were in a specimen with about a tenth that 
grain size, but also within each specimen the small 
crystals generally exhibited finer slip lines than the 
bigger cry stals. Thus it seems safe to conclude that 
grain size (together with the resolved shear stress 
rather than heat treatment, determines the average 
depth of the slip lines in brass. 

In polycrystalline a-brass it was found more often 
than it had been observed in aluminium [7] that slip 
lines appearing light were interspersed in a set of 
lines which were dark and vice versa. It could be con- 
that that 


the lines belong to different slip systems acting on 


firmed such colour differences indicate 


the same slip plane [7], for, where slip lines are 


crossed by a ‘‘mixed system,’’ they sometimes are 
clearly shifted in one direction by the dark lines and 
in the opposite direction by the white lines. As only 
the minority of probable slip system combinations 
will give rise to dark and light lines within one set 
of parallel lines, the greater number of such “mixed 
systems” will remain undiscovered. Taking this fact 
into consideration, it appears that “‘mixed systems” 
are not at all rare in brass (see for example Figures 
19 and 20). 

A special effect, not yet completely understood, is 
visible on a number of specimens, namely that a slip 
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line appearing dark throws a white shadow (see for 
example Figure 22). Probably those lines are either 
slip lines in compression, or else normal slip lines 
which without shadowing would have appeared dark 
and which are oriented so as to throw a white shadow 
In some slip line patterns arising through multiple 
slip it may appear as if uncry stallographic slip 1.e 
slip other than on (111 -planes had taken place 
(Figure 23). The explanation always is that slip 
lines which are formed early in the deformation are 
cut more often by lines of the crossing system, and 
therefore suttfer stronger displacements, than lines 
which are formed later. But even the lines which 
are formed very late in the course of the deformation 
often are curved because they meet a surface much 
stepped by the preceding deformation [7]. In Figure 
23 the displacements produced by the two causes are 
in opposite directions. No truly uncry stallographi 
slip has ever been observed on brass. 
2. Cross Slip 


Cross slip in a-brass is abundant and often leads 


to delightful but intricate patterns. It may 


interconnect the slip lines until sometimes, especially) 


very 


at high deformations, more or less all lines of one 


svstem are linked with each other (Figure 24). It 


also be absent or may be nearly absent as can 


be seen from Figures 23 and 25. Often the slip lines 


ma\ 


as a whole turn into the cross slip system and back 
abruptly, but even more frequently cross slip lines 
just branch off slip lines. Where that happens there 
is a sudden change in the depth of the slip lines, as 
should be expected (Figure 22). This observation 
proves that slip lines, or parts of them, may grow in 
depth as the deformation pre ceeds, unless one is will 
ing to believe that whole networks of interconnected 
lines are formed suddenly. 

Because cross slip lines are of the same character 
as the main slip lines, i.e. are as straight and have 
about the same depth, patterns may arise in which 
it is no longer possible to decide which are cross slip 
lines and which are lines of the most highly stressed 
system. Indeed one often gets the impression that 
the two systems have the same right, and act in the 
same manner as normally two systems act in double 
glide, although by the geometry of translation the 
two systems involved never can be the two most 
highly stressed systems (Figure 24) 

A special type of cross slip already observed in 
aluminium [7] was also found in brass. It exists‘in 
the immediate neighbourhood of etch pits and was 
first described by Cahn [14]. Elsewhere [7] it 


said that probably this type of cross slip did not ex- 


Was 
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tend into the interior of the metal but ended on the 


etch pit. This idea, however, could not be 


proved 


using aluminium specimens, but with a lucky photo 


graph of brass it now can be verified (Figure 26 


On this photograph the slip lines traversing the 


pit are to be seen clear] and can tollowed (rom 


one side right across the et h pit to the other side 


Within the 


which 


etch pit il] slip traces, 
to the cross slip li 


are linked 


long to the same system ( 


p does not extend beyond 


( ross 


his shows that the 


the pit. 


The Interact 


ONO 


a common 


\nnealing tWINS are 
Some 


are in the form of narrow bands 


remains constant ove! 


hers ire 


which 
and of irregular shay 
Chis 


boundaries and 


wide 
11] 


between Win 


microns, ot 


ll are bounded by planes. illows 
distinguish 
boundaries 

Sometimes a twin boundary 


seems 
1 strong obstacle to crossing slip lines, 

in Figure 27. All the white slip lines approaching the 
below fade out before 


| he 


the photograph most 


boundary from 


twin. ices on the 


top ol 


reaching the 
probably do not bel 
the same system 
Occasionally a slip line chat 
line either directly at the 
immediate neighbourhood 
Often whol I 


series 
boundary, it wi 


25). Usually, 


ver, even 
that the twin bound 


In |] 


is not quite 


evidence 
out disturbances igure 25 for inst 
pattern ume or 
region 


Wha 


seernl Ol 


twinned 
abruptly at the twin bout 


pens al those pl ices Can 


] t 


short pier e Ot cross siip he tw 


is fitted into the lines.* Although tl 


px SS ble 


are 111 -planes, i.e 


course can happen only whet 


(Juite otten 1 rrow 


contains the slip direction 


show slip lines parallel to their boundaries 
example Figure 27), but the other traces found 


narrow twin nearly always cross its boundaries 


} 


From the above observations it can be concluded 


that twin boundaries are a powerful obstacle to 


crossing slip lines when they do not contain 
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direction, and that they are a weak obstacle when 
the slip direction is contained in them. Barrett [15] 
Nabarro [16] 


clusion. 


and have already come to this con- 


IV. Theoretical Interpretation 
of the Results 


Elementary Structure, Slip Lines, and Slip Bands 


In this section we shall discuss and compare the 
surface structures of the pure face-centered cubic 
metals, aluminium, copper, and silver, on the one 
hand, and the face-centred cubic alloy a-brass on the 
other. It is assumed that the surface structures are 
representative of the process ol plastic deformation, 
not only at the surfaces but also in the bulk of the 
metal. At present it is not possible to decide definite- 
ly whether this assumption is justified. The greatest 
argument against it seems to be the dependence of 
slip lamellae thickness on surface orientation dis- 


[8]. Following an idea by Hollomon 


( overed recently 
17], Frank-Read sources situated near a surface 
have a lower threshold stress than those situated in 
the interior. With this idea an explanation of the 


orientation effect might be found in which it is 


not necessary to assume a fundamental difference 
between the plastic properties in the surface regions 
of metal crystals and the bulk of the metal.* Thus 
we may dispose of what is probably the strongest 
irgument against the above assumption. 

When discussing the pure metals investigated we 
shall mainly refer to aluminium because its surface 
structures are particularly well known, and it appears 

s if there are no significant qualitative differences 
between the structures on aluminium, silver, and 
copper. 
question which has to be 


the 


[he most important 
Why do 


structure and slip bands and why is 


inswered is: pure metals show an 
elementary 
neither found on a-brass? According to a theory of 


band 


elementary 


formation in an earlier paper [9], an 


slip 
structure is formed when a metal con- 
tains many more possible sources than can become 
the dislocations of the different 


ictive because 


sources interfere strongly with each other’s motion. 
Out of the elementary structure the slip bands are 
formed, a process involving the annihilation of dis- 
locations in the immediate neighbourhood of a grow- 
ing slip line. Hence to put it very briefly, an element- 
ary structure will be formed when there are so many 


possible sources of dislocations that they seriously, 


) 


*See also Section \ part 2 
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hinder each other, and slip bands will form only 
when an elementary structure is present. The logical 
the number of 


conclusion then is that in a-brass 


sources of dislocations which may become active at 


comparatively low stresses is small. The fact that 


in brass there are neither slip bands nor an element- 
ary structure is a very powerful argument for this 
theory. 

The presence of an elementary structure in the 
pure metals and its absence in brass provide a simple 
explanation for the behaviour of strain markings. 
On a-brass it is comparatively easy to produce strain 
markings, i.e. to etch the repolished surface of a de- 
formed specimen so that the slip traces reappear 

19; 20]. This is not possible in aluminium or copper 
using ordinary etching reagents, and becomes in- 
creasingly difficult with homogeneous copper-zinc 
The 


reason for this behaviour probably is that on copper 


alloys as their zinc content is reduced. 


and aluminium an elementary structure exists in 
which the density of the dislocations is about the 
same as in the slip bands, for the spacing of the lines 
is much the same in both, and the average density 
of dislocations on each line is solely determined by 
the stress. Consequently there is no reason why in 
copper or aluminium an etchant should attack the 
slip bands more strongly than the regions between 
them. In brass, on the other hand, the regions be- 
tween the slip lines contain no or only few disloca- 
attacked less than the im- 
the 


tions, and therefore are 


mediate neighbourhood of slip lines, made 
thermodynamically unstable by the presence of the 
dislocations piled-up in them. Moreover, McLean 
[21] and Jacquet [22] find that slip lines which cross 
whole grains nevertheless often etch up solely, or 
particularly strongly, near the grain boundaries, 
where according to our theory the dislocations are 


most densely packed. 


2. The Deformation During Single Glide 


From the stress-strain curve of brass we know that 
its yield point is much higher than the vield point of 
aluminium, copper, and silver (Figure 11). Thus the 
first sources to start acting in brass not only are 
very much fewer, but they also require a higher 
stress to be activated.t Because of the great average 
distance between active slip planes the interaction 


between dislocations of different sources, which as 


tPossibly the high yield stress in a-brass is due to the lock- 
ing of dislocation sources by impurity atmospheres (Cottrell 
[38]). This idea easily explains why, as discussed in the follow- 
ing paragraph, a source of dislocations once activated goes 
on to release dislocations until equilibrium is reached. Later, 
Section V, part 2, we shall return to this point. 
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we saw plays a great role in the pure metals con- 
sidered, is practically absent during single glide in 
a-brass. Moreover, as the yield stress is high in brass, 
there can be few other obstacles, besides crystal or 
twin boundaries, powerful enough to interfere ef- 
fectively with the motion of the dislocations. There- 
fore the series of dislocations emitted by the sources 
will often, or perhaps mostly, expand unhindered 
until they meet a grain boundary or an unfavourably 
oriented twin boundary. Consequently, even at 
small deformations, we observe slip lines of great 
depth depending on the average grain size. 

In agreement with this view is the following ex- 
perimental result: If a-brass single crystals are 
stressed slightly beyond the yield stress, then un- 
loaded and stressed again, new slip lines sometimes 
appear before the highest previous stress is reached 
[23]. Again, when brass single crystals are kept 
loaded just below the vield point, they may show 
no creep for hours and then suddenly start to creep 
with an increasing velocity which then dies down 
again. At the same time slip lines appear. There 
seems to be a direct proportionality between the 
creep strain and the number of slip lines [24]. These 
observations indicate that once a slip line is started 
in brass, most probably by thermal activation aided 
by stress, it grows without work-hardening until it 
approaches its final depth, determined by the 
length of the active slip plane and the resolved shear 
stress. 

The fact that in single crystals of brass the slip 
lines tend to form clusters [19] is probably due to 
geometrical softening 12]. Che authors do not be- 
lieve that slip line clusters in brass are analogous to 
slip bands in aluminium. 

Thus it seems very likely that the work-hardening 
in brass, at least at small and medium strains, is 
mainly due to the exhaustion of sources with low 
threshold stresses rather than to serious lattice dis- 
turbances. In aluminium, copper, and silver, by con- 
trast, work-hardening is due to the interaction of 
the dislocations emitted by different sources belong- 
ing to the same, and apparently often also to different 
slip systems [25], leading to deformation bands and 
possibly still other strong lattice defects like ag- 
gregates of vacant lattice sites and sessile disloca- 
tions. As without the creation or strengthening of 


lattice defects the slip on each slip line increases 


proportionally with the stress, we understand why 


work-hardening in a-brass usually is small compared 
with that in copper. This view also is in accordance 
with X-ray evidence: Aluminium single crystals 


show strong asterism at small strains, but brass 
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crystals have no asterism even after 
23a: 20: 


until the onset of double glide 


It is thought that asterism is a consequence of 


deformation bands [14; 28; 29] and in fact apparently 
no deformation bands have evel been observed on 
brass crystals. If we follow an earlier paper [30] and 
consider deformation bands as a disturbance forming 
through interacting dislocations at the boundaries of 
regions containing a strong surplus of dislocations of 


different types belonging to the same or to two 


(7].* 


different systems then it becomes obvious that 


no deformation bands can form on brass: in brass 
the slip lines are on the average much too widely 
interaction of the dis 


spaced to permit a general 


locations in parallel slip lines. Rows of dislocations 
moving in different directions will normally just by 

pass each other. Thus in brass we not only expect no 
but at men 


deformation bands, the same time the 


metals with an 


the 


tioned regions cannot form. In 


elementary structure, however, acting slip 


planes are so closely spac ed that rows of dislox ations 


moving in different directions must interact when 


ever they meet. 
Krom the assumption of a limited number of dis 


location sources which, as soon as they are activ ited, 


release dislocations without work-hardening until 


equilibrium is reached, (often or even mostly when 


the foremost dislocations meet crystal boundaries 


it follows that we would expect a strong influence of 


‘ain size on the stress-strain curve in the case of 


his follows because in equilibrium the slip 


due to row of dislocations | practi illy pro 


] 


portional to ind to the 


stress 


she il 
13; 3] 


seems likely that the grain size will not have a vet 


the resolved 


space occupied by them ind because it 


pronounced effect on the number of sources. If the 


sources as well as thei threshold 


distribution of the 


independent ot grain 


stresses were completel) Size 


and all slip lines extended to the oraln bound irles, 


we actually should expect the strain for 


stress to be proportional to the grain SIZé 


no multiple slip takes place. In aluminium and 


copper, however, the effect of orain size on the stress 


strain curve should be much smaller. In these metals 


hardening goes on by the interaction of dislocations 
everywhere in the material 
Che authors failed to find in the literature reliable 


experiments on the influence of grain size on the 


*It seems likely that the sul s discovered by Wood and 
subsequently investigated by a 1 ire those 
regions envisaged in the earlier theoretical paper 30 Most 
of the numerical values given in the literature of size, averag¢ 
disorientation, and stress at which the regions have formed, 


are roughly consistent with this view 


umber of scientists 


stress-strain curve. Therefore, a rough experiment 


was carried out with brass and copper, plotting the 


stress-strain curves of these metals for different 


orain sizes. The curves obtained (Figure 30) indicate 


erain size in the case of brass 


a strong influence of 


and none in the case of copper. It must be admitted, 


however, that different heat treatments, as stated in 


the legend to Figure 30, have been used to obtain 


‘ain sizes so that not too much signifi- 


il ious 


cance must be attached to those curves, although 


thev are in full igreement w ith the above predic tion. 
highly 


Further experiments in this direction are 


desi ib] 


e 


As was shown previously [7], the cutting of a slip 


b ind by 


pre CeSS in 


i slip band of a different system is a difficult 
iluminium, i.e., a slip band constitutes a 


powertul obstac le 12 cre SsINg slip bands. Never- 
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theless the onset of double olide in aluminium is not 
marked by a sudden increase or decrease in work- 


hardening (see for example [32, Figure 90a]). This 
is not surprising because, as argued above, the source 
of work-hardening in aluminium, starting from the 
the interaction between 


smallest deformations, is 


dislocations, i.e., processes akin to the mutual cutting 
and blocking of dislocations which must take place 
during multiple slip. In a-brass, although we have 
no visible evidence for it, the cutting of slip lines 
through each other is undoubtedly a difficult process 
just as it isin aluminium. The fundamental difference 
between brass and aluminium is that with the be- 
cinning of double glide in the former (due to the 
unavoidable mutual cutting of slip lines) a new 
source of work-hardening is introduced which is not 
present during single glide. In brass, dislocations of 
different sources start to interact only with the onset 
of double glide. The observations by von Géler and 
Sachs [33] on the behaviour of single crvstals of 
brass in tension bear this out. 

In single crystals of aluminium and copper double 


slip starts as soon as the symmetrical position for 


the two most highly stressed systems is reached. In 
contrast brass continues to slip on the first system 
until the resolved shear stress on the second system 
is substantially higher than that on the first. Once 
the second svstem starts to act, and its slip traces 
appear, the load may actually drop. At that point 
the slip on the first system stops completely and the 


rhe 


changes according to the action of the second svstem, 


second system acts alone. orientation then 
but this in turn continues to act alone even after the 
symmetrical position is crossed again so that now the 
second system is under a smaller shear stress than 
the first. Furthermore, as soon as the second system 
becomes active, the slope of the stress-strain curve 


decreases discontinuously i.e 


the work-hardening 
drops sharply. In other words, interpreting these re- 
sults according to our new knowledge, after the slip 
lines of the second system succeeded in cutting those 
of the first system, thereby removing the major 
obstacles to slip on the second system, it again shows 
the same slight initial work-hardening which is 
typical for brass and which, as previously explained, 
is due to the spread of rows or sequences of disloca- 
tions without work-hardening until their equilibrium 
position is reached. 

Finally, we may mention the behaviour of critical- 
ly oriented brass crystals as described by Burghoft 
[34]: of three brass crystals critically oriented, so 
that they should have extended by multiple slip 


from the start, two slipped on one system only up 
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to several per cent elongation. In the third crystal 
two slip systems acted, but in segments such that 
in each segment only single glide took place. Obvious- 
lv all these observations are in perfect agreement 
with the interpretation of the behaviour of slip lines 
in brass as given above. 

A last question still to be answered is: Why is 
cross slip prominent in brass but rare in aluminium, 
silver, and copper? It was explained in the preceding 
paragraph that, in the pure metals exhibiting an 
elementary structure, double slip is not a signifi- 
cantly more difficult process than single slip, but that 
it is so in a-brass. Consequently, any complex de- 
formation in the pure metals considered can easily 
be accommodated through multiple slip (unpre- 
dicted slip in single crystals). In brass, on the other 
hand, the cutting of slip lines (or rather the mutual 
cutting of individual dislocations) is comparatively 
such a difficult process that it is avoided if possible. 
If we now consider the motion of dislocations lead- 
ing to cross slip then we realize that in cross slip it 
is not necessary tor dislocations to cut mutually 
while it is unavoidable for any other multiple slip 
on non-parallel planes. Therefore in brass cross slip 
will be substituted for double slip wherever possible. 
The 


systems” in 


much more frequent occurrence of ‘‘mixed 


brass, as compared with aluminium, 
points in the same direction. Here complex slip is 
accommodated by slip on different slip systems hav- 
ing the same slip plane—in the second possible 
mechanism of multiple slip in which no dislocations 
cut mutually. This is energetically more favourable 
than normal double slip only as long as the active 
slip planes (the slip lines) are far enough apart from 
each other not to interact strongly, which usually is 


the case in brass but not in the metals with an 


elementary structure. 


V. Some Theoretical Considerations 
The Elementary Structure 
\lthough the ideas put forward in the preceding 
section are in agreement with experimental evidence 


that all problems have been 


it cannot be claimed 
solved. Very much remains to be done. In the follow- 
ing some of the problems will be discussed. 

With regard to the question of how in detail an 
elementary structure is formed, it seems certain that 
the presence of very many easily activated sources 
cannot be the only necessary condition for its forma- 
tion. In addition, the emission of the dislocations 
from the sources or their motion through the metal 


(probably hindered by obstacles in their path) must 
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creation ot the dislocations 


If the 


moved with 


be a slow process 
50 per cent 
ned by 


36], then the 


about 


ind the 


ot the velocity of sound or more. 


Mott 135] and Fi art, 


first sources which start to ; 


1nd Pry 
ict should immediately 


give rise to long deep steps. In the pure metals con 


taining an elementary strt ture, however, deep steps 


are only tormed atter the elementar ucture. 


Cheretore the experimental evidence 


mentary structure discredits the idea ol 


dynamic formation of dislocations, 


slow and steady creat! 


1 
It is not thought 


elementary structure undet 


straining will do so undet 


contrary, speed and tempe1 


nd even grain size will proba 


“14 
SO that 1t 1s quite possibile that undet 


ditions of straining, a metal may show 
structure but not under others 


formed 


[In aluminium, slip bands are 


this might indicate that at normal 


strains: 
rates and room temperature this metal is just 


boundary condition between deforming with 


without an elementary structure. In copper 


silver, on the other hand, we then would have « 


ditions in which the elementary structure is more 


stable. ‘‘Easy glide’’ in aluminium therefore might 


indicate a plastic deformation without the form 


; 


tion of an elementary 


ture [hese latter con 


siderations, however, are purely spect 


ossibilityv rat ver than 
| 


as 


Opinion. 


D ocation 


SOU 


sources oO tions Ss s | 


The nature of the 


open to speculation, but the tvpe of sources described 


by | rank and Read IS} see il] experimental 


ms to fit 


observations. Therefore we shall base our discu 


on them. We 
35: 37 


Read type are the short p 


shall also follow the suggest 


that the dislox ition sources 


irts of dislocations forming 


a three-dimensional network which is thought to be 


present in everv metal lis idea is consistent with 


the density of slip lines in the elementary structure 


of aluminium. The minimum resolved shear stress 


required to activate a source of dislocations is a 


by X b/l where is the length of th 


low it1i0n-p1eces trom junction to junction | 


network. For sources ending at a free surface this 
i 


according to Hollomon 
about 


critical stress must be halvec 


17|. As was pointed out previously [9], 
] 


dislocation sources per cm® are sufficient to product 


1] 
cenerall 
but points toa 
that metal exhibiting 
{ Cond Ons 
ti conditions tine 
+ 4 
T 
ru 
| 
— 
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the elementary structure on aluminium up to the 
highest stresses, and, according to our new know- 
ledge of the elementary structure on copper and 
silver, somewhat fewer are required in those metals. 
What then must be the minimum thickness of the 
surface layer providing the necessary sources of dis- 
locations for the elementary structure? From 7, 
find for a stress ot, say 7, 2 kg/mm’, 
~ 2x 10 
sources of about 10! per cc. With this density ol 


cm. or a density of dislocation 


sources the minimum thickness of the surface layer 


containing all the sources responsible for the 


elementary structure becomes 10~° cm, in good agree- 


ment with the value for / 2 X 10~° just deduced. 


Atastress ot about 0.8 ke mm’, which is about the 
lowest stress vielding a complete elementary struc- 
ture in aluminium, the corresponding values are: 
dislocation density necessary to form the elementary 


structure & 105/cm? (see Table | in [9]); 2 calculated 
10 


sources of about 5 X 10" per unit volume; and the 


from formula cm. giving a density ol 
minimum thickness of the surface layer containing 
sufficient sources to form the elementary structure 
becomes 2 107° cm. 

We next turn to the question ol why a-brass con- 
tains so few sources and why these are so much more 
difficult to 


examined. The answer to this problem cannot simply 


activate than those in the pure metals 


be that in brass the dislocation network, providing 
the sources, has a greater average distance between 
the junctions, because this would lead to a lower 
instead of a higher vield stress in brass compared 
with the pure metals. 

One way in which to account for the high yield 
stress of brass presents itself immediately, namely 


that it is caused by the blo king of dislocation 


atoms in the 
This possibility 


Mott [35], 


at once explains 


through impurity manne! 


( ottrell 38}. 


sources 
proposed by has 
recently been discussed by and in fact is 
very attractive, partly because it 
the rather sharp vield point usually found in brass 
single crvstals.* However, it presents the difficult, 
that we have to explain why dislocation sources are 
locked by Cottrell-atmospheres in a-brass and not 
in the other metals investigated, although their im- 
purity contents should be amply sufficient to block 
all sources in them. The answer to this problem may 


be found in the different rates of diffusion in the four 


*While writing the present paper the authors were not aware 
investigations by Cottrell and Ardley (to be pub- 
who found a true yield point in a-brass crystals and 
explain it by the ig of dislocation sources through 
‘“‘atmospheres.”’ The authors are indebted to Professor 
Cottrell for directing their attention to this work. 


of recent 
lished 


anchoring 
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metals concerned. Also it is quite possible that the 
dislocation sources in brass are locked through con- 
centration variations within the mixed lattice; or in 


other words that the zinc atoms play the role norm- 


ally plaved by impurity atoms. Thus, until more in- 


formation is available, a possible explanation for the 
few sources and their high threshold stress in brass 
is the presence of a widely spaced dislocation net- 
work in which ‘‘atmospheres”’ locking the dislocat- 
ion sources are easily formed. 

A great advantage of this idea is that with it the 
typical form of the stress-strain curve of brass single 
crystals is easily explained. According to the theory 
of anchored dislocations by Cottrell 38], and also 
Mott [35], the threshold 


stress for all anchored sources, irrespective of their 


recent considerations by 
normal value, should be the same unless their normal 
threshold stress is higher than the stress at which 
dislocations break free from their atmospheres. In 
single crystals of brass with a rather uniform re- 


solved shear stress throughout, practically all 


sources belonging to one slip system should there- 
10 or 20 


per cent above the yield point, and from then on only 


fore have started to act at a stress ol, say, 


a few new sources can be activated until the be- 


ginning of double glide. Further, following the con- 
clusions drawn in the preceding chapter, the majority 
of the sequences ol dislocations spread out to their 
final extension as soon as they are formed. Now, the 
plastic strain is proportional to the number of active 
sources, proportional to the average length of the 


slip lines, and proportional to the stress. Con- 


sequently we expect a stress-strain curve witha 
sharp vield point followed by a horizontal part which 
then turns into a straight line, the elongation of 
which should go through the origin of the co-ordinate 
system, because neither the number of sources nor 
the length of the slip lines should change act ording 
to the above. In Figure 31 this type of curve pre- 
dicted is compared with experimental stress-strain 


parently behave in much the same manner as brass 


curves of brass, and of crystals, which ap- 
crystals. The similarity between the experimental 
curves and the type of curve predicted is striking. 
However, the idea that all sources in brass single 
crystals have started to act at a stress near the vield 
point, and the idea that in them slip lines do not 
normally grow longer when the stress is increased, 


ought to be tested experimentally. 


3. Slip Bands 


We do not know whether slip bands are started 


just through thermal fluctuations of particular 
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strength or through a special process not yet under- 
At the 


formation of slip bands is due to a dynamical pro- 


stood. present it seems improbable that 


cess. This not only follows because the presence of an 


elementary structure indicates a non-dynamic 


creation of dislocations, but because there is no 


experimental evidence in its favour. 


Resolved Shear Stress in kg/mm? 


Shear Strain 


FiGuRE 31. Comparison betweet the theor 


strain curve predic ted and experimental results 


rvstals: l VO Goéler and Sachs [33 
and Sachs [39 
Blewitt and Kcehler [40] (A, 


Weerts [4] - 


a-brass ( 


The starting point for the theories of dynamical 


] 


[1] and later by 


slip band formation was the view expressed by 
Heidenreich and Shockley 


Browtt 
(3; 4; 5] that the slip lines in the bands had a more 
or less even depth of about 2000 A. The results 
obtained by the authors in a previous investigation 
(6; 7; 8] and in the present one do not show any such 
effect, and indeed it is difficult to see, even if slip 


took place by “‘quanta”’ of definite size, why this 
should lead to surface steps of even height in a poly- 
crystal or a number of differently oriented single 
crystals. Since, in aluminium, slip lines do not usually 
extend right through whole crystals, this could only 
happen if all slip lines originated at the surface, or 


alternately at one and the same depth below the 
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surface, unless one believed there were no obstacles 
hindering the motion of dislocations in slip bands 
\lso be a 


relationship between the arbitrary surlace 


there would have to very complicated 


orienta 
tion and the slip on each line, otherwise one would 
get steps from zero height to the maximum value. 
\gain it is quite possible that the observed slip lines 
of greatly varying depth found side by side on brass 
crystallites in truth belonged to sources all of which 
had acted by the same amount, but were situated at 


different distances from the surface. Of course this 


is highly unlikely, but the consideration shows 


in fact it would be difficult to find this effect, even 


if slip avalanches of uniform size were the general 


rule. In aluminium, however, the presence of slip 


lines greatly varying in depth even within single 
mella 


that no 


bands, together with the dependence of | 


thickness on surface orientation, proves 


definite slip distance exists 
[he highly interesting theory of slip band forma 
Brown [42] and worked 


\lott 


weakness besides the above point: If softening should 


tion suggested by out in 


oreatel detail by has the following great 


take place in the immediate neighbourhood of 


thi 


should show slip bands, a 


iS Maintained in theory, then all m 


nd we would have to find 


a new explanation why brass in particular has non 
\lso this idea 


does not take into account the 
of the elementar\ 


pres Cc 


structure on the metals investiga 


1 


ted which do form slip bands. Finally, the mechani 


proposed 


by which slip lamellae should torm, 


H irt, 


2 
15}, does in tact 


Fisher, and Pry [36] and independentlh 


exist, but 


obviouslv has no influence on formation « 


Instead it leads to the alled ‘‘cross-ovet 


bands 
double glide In 


of slip bands in 


idea has the serious disady intage that 


band 


multiple slip had commenced, w 


onh 


( h qu 


stantial formation could 


is not the case 


dening and Some Final Rema 


has recently been inve 


Work-hardening 
theoretically by Seitz {4 who believes v icant | 
sites, created through moving dislocations, are main 


ly responsible for work-hardening, and by Mott [35 


37], Lomer [45], and Cottrell [46] who see the main 
reason for work-hardening in the formation of sessile 


\Ithough 


these investigators ire 


dislocations. the ideas put forward by 


very attractive, they do not 
solve all the problems. We are now faced with the 
question of how in detail the interaction and mutual 


blocking of dislocations, thought to take place in the 


| | | | 
| | | 
Te) 
| ie | 2 
/\ 
| | 
|) 
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ire metals examined, progresses. Only a few of the 


iny problems which must be solved will be given. 


t, what prevents the dislocations from moving 


their sources after the stress is 


returning to 
It will he ; 


isv to think of mechanisms which would lock the 


idmitted that it is comparatively 


but it is more difficult to account for 


the slight change of the elastic constants during cold 


lisiocations, 


av aluminium, taking into account the 


ist numbers of dislocations present in the ele- 
mentary structure and in the slip bands. Secondly, by 
what processes are the number of slip bands and the 
number of lamellae in them determined? Finally, can 
t be understood why in slip bands, which at most 
ire Q.1 


be as nik as 


mm. long and about 1.2 microns wide, there 
15,000 dislocations while in a 
single slip line of the same length only about 300 
dislocation loops could be accommodated ? 

In brass, on the other hand, conditions seem to be 
comparatively simple. In this metal, we argued, the 
sequences of dislocations usually expand unhindered 
until they meet a powerful obstacle, as for instance 
1. grain boundary. Work-hardening in it is mainly 
due to the exhaustion of “‘easy’’ sources, and we only 
need a mechanism which prevents the dislocations 
in the slip lines from returning to their sources when 
the stress is relieved. The formation of sessile dis- 
locations, in the manne Lomer, by 
Cottrell, and by Mott, 


\ few final remarks may be allowed on the ques- 


proposed by 


is such a mechanism. 


tion of how far the results obtained with aluminium, 
copper, and silver on the one hand, and with brass 
on the other hand, will be applic able to other metals. 
his question can ultimately be decided only by 
further experiments. The authors believe, first, that 
more torms ol plastic deformation besides the two 
investigated exist, and secondly, that a number of 


other metals will behave according to the two forms 


described in this paper. For instance, it was shown 


Figure 31 that a remarkable similarity exists be- 
tween the stress-strain curves of AuCus; crystals and 
those of brass single crystals. Therefore we expect 
copper-gold crystals to deform like brass, namely 
with no elementary structure and no slip bands. In 
support of this contention we mention a recent in- 
10]. 


no change in the re- 


vestigation by Blewitt and Koehler These 


scientists found practically 
sistivity of AuCu; crystals at shears up to 30 per 
cent, and a sharp increase beyond about 40 per cent 
shear. From this they deduced that up to about 30 
per cent shear slip in the crystals took place in 
rather big steps on widely spaced planes, a result 


1953 


VOL. 1, 


which agrees well with the idea that no elementary 
structure forms on these crystals. 

This paper is published by permission of the South 
African 


search. 


Council for Scientific and Industrial Re- 
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PREYIELD PLASTIC AND ANELASTIC MICROSTRAIN 
IN LOW-CARBON STEEL* 


T. VREELAND, Jr., D. S. WOOD, and D. S. CLARKf 


[his paper presents the results of an experimental investigation of the 


behavior of an annealed 


low-carbon steel subjected to rapidly applied constant stresses less than the static upper yield stress 


Sensitive measurements of plastic and anelastic microstrain were made 


stress and equilibrium microstrain determined. 


, and the relationship between 


lhe experimentally observed microstrain is quantitatively explained by a dislocation-generating 
mechanism. The equilibrium number of dislocation loops produced by a Frank-Read source is esti- 
mated as a function of the applied stress and the dislocation source length. Comparison of the theory 


and the expe 


rimental data leads to the determination of 


1 characteristic length of dislocation which 


agrees with previous concepts of a mosaic block structure. 


LA MICRO-DEFORMATION NON-ELASTIQUE ET PI 
LA LIMITE D’ECOULEMENT, DANS UN ACIER A 


AVANT 


PLASTIQUE 
BAS CARBONE 


Cet article présente les résultats d’une investigation expérimentale du comportement d’un acier 
a bas carbone, recuit, auquel on applique trés rapidement des tensions constantes, inférieures a la 


tensio! 


correspondant a la limite d’écoulement statique, supérieure. 


La micro-déformation plastique 


et non-élastique a été mesurée avec précision, et la relation entre la tension et la micro-déformation 


correspondant a l’équilibre a été déterminée. 


La micro-déformation observée expérimentalement est expliquée d’une 
un mécanisme vénérateur de dislocations. Le nombre, 


maniére quantitative par 


correspondant a l’équilibre, de boucles de 


dislocations produites par une source de Frank-Read est estimé en fonction de la tension appliquée 
et de la lor gueur de la source de dislocations. La comparaison entre la théorie et les données ¢ xpéri- 


mentales cond 
les concepts antérieurs d’ut 


Liar 
ave( I 


FLIESSEN 1 


PLASTIZITAT VOR DEM 


IN STAHI 


Die vorlieg 
on gegliihtem Stahl mit niedrigem Kohle 
Spannunge!l interhalb der Elektrizitatsgrenze 
plastischen ind i 
Ei 
Mikrode hnung quantitati erklare 
iner Frank-Read Quelle erzeugt wurden 
ngsquelle abgesch itzt 
stimmung einer charak 


ruktur im Einklang steht 


n Gleichgewicht 
Eleme 


ng und Mikrodehnung i 


ersetz igen produzierender 


nel 


teristische 


Introduction 
delay 


an annealed low-carbon steel 


The existence of a definite time for the 
initiation of vielding in 
when subjected to a rapidly applied stress greater 
than the static upper vield stress has been shown by 
3]. 


order ot 


previous investigations in this laboratory 


Plastic ind anelastic microstrain of the 


x 10 


Ol delay prior to 


*in in. has been observed during the period 
yielding [4] 

[his microstrain has been qualitatively described 
by Cottrell [5] as the result of the release of a few 
dislocations, the movement of which is obstructed by 
anchored dislocations or erain boun- 
the 


other nearby 
When 


dislocations is overcome, then yielding is initiated. 


daries. the resistance to movement olf 


The purpose of this paper is to present the results 
ot an investigation in which data have been secured 
“Received March 6, 1953 
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cture 


ND 
NIEDRIGEM 


ende Arbeit beschreibt die Resultate einer experimentellen Untersuchung des Verhaltens 
nstoffgehalt, der schnellen angelegten, 
unterworten 
nelastischen Mikrodehnungen wurden durchgefiihrt, 
wurde bestimmt 
ntarvorgang 

Die Anzahl der Versetzungsschlingen im Gleichgewicht, die vor 
, wird als Funktio1 
Det Verele iC h der 


rsetzungslange, die 


lit a la détermination d’une longueur caractéristique de diclocation, qui s’accorde 
bloc de str 


m0saigq 


UNELASTISCHE MIKRODEHNUNGEN 


KOHLENSTOFFGEHAL]1 


konstanten, 
wurde. Empfindlic he Messungen der 
und die Beziehung zwischer 
kann die experimentell beobac ht te 
der angelegten Spannung und der Lange 
id der experimentellen Daten fiihrt 


mit friiheren Ideen einer 


| heorie ul 


+ 


concerning the plastic and anelastic microstrain that 
occurs as a result of rapidly applied constant stresses 
which are less than the static upper vield stress. 
These data prov ide a basis for a quantitative evalua- 


tion of a theory of the mechanism of yielding. 


Material and Test Specimens 


The material used in this investigation is the same 
as that employed for the study of stress-pulses and 
aging effects presented in a previous paper [4]. This 
material was of the following analysis: 

0.129 Silicon 
Manganese 0.43% Copper 
Phosphorus 0.0196, Tin 
Sulfur 0.042°, 


Carbon 


The specimens were of the same design as used 


previously; namely, with a gage section of 5 in. X 
0.100 in. and 3 in. long. These specimens were an- 
1680°F. (915°C.) for 
2} hr. in dry hydrogen followed by a homogenizing 


treatment at 1300°F. (704°C. 


nealed at a temperature of 


for 22 hr. It has been 
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is essentially no change in the 


the 


that there 


content of 


shown 


carbon specimens during these 


treatments. 


Equipment and Test Procedure 


The tests were made with the rapid-load testing 
[1]. The load 


acting on the specimen was measured by means of 


machine described in a previous paper 


a dynamometer employing type AB-14, SR-4 strain 
gages with suitable temperature compensation 

The plastic and anelastic microstrain was de- 
termined by means of the system described in a 


previous paper [4]. This consists of a strain bar 
connected in series with the specimen and is con- 
structed such that the elastic strains in it are 
nominally the same as the elastic strains in the test 
specimen. The strain gages on the bar and the 
specimen are arranged so that the elastic strains in 
the strain bar are subtracted from the total strain 
ini the specimen. The signals from the strain-gage 
bridge circuits which indicate the plastic and ane- 
lastic microstrain in the specimen are recorded on 
photographic paper by a galvanometer-type oscillo- 
graph. The strain-recording sensitivity of the re- 
cording system is within 0.5 & in, in 

The test specimens were subjec ted to a rapidly 
applied constant load. A continuous record of load 
and microstrain was made for approximately 3.5 se¢ 
after the applic ation of the load. Records of load and 
microstrain were made at intervals after the initial 
3.5 sec. until the microstrain reached an equilibrium 


value within approximately 5 min. 


Experimental Results 


The static properties of the material tested were 


determined in a previous study [4] and are given in 


Table [. The results of a series of tests in which the 


rABLE | 


STATIC PROPERTIES OF THE MATERIAL [TESTED 


Lower Yi 
vield stress yield stress str 
10° Ib/in? 10° / in? 


[ pper 


ASTM 


grain size 


Hardness Specimen 


Rockwell B number 


6.7 5 : 2.5 30.0 


3 28.0 


plastic and anelastic microstrain have been in- 
vestigated under rapidly applied constant stresses 
exceeding the static upper vield stress have been 
previously reported [4]. When the stress to which 
the specimen is subjected is less than the static upper 
vield stress, microstrain is also observed. Plastic and 


anelastic microstrain vs. time for a series of constant 


M I¢ 
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stresses is plotted in Figure 1. The microstrain rate 


decreases with time when the test stress is less than 


the static upper vield stress. When the test stress ex- 


ceeds the vield stress, the strain rate dec reases with 
initiation of yielding which 


Che 


final values of microstrain, or equilibrium micro- 


time until the 


is characterized by an increase in strain rate. 


strain, for various stresses below the stati uppel 


vield stress are plotted as small circles in Figure 2 


50 


Experimenta! Points 


Reference 9 


Tensile Stress, 10° 


20 


Microstrain, ® in./in 


Discussion of Experimental Results 
he experimental results presented above will be 


discussed in terms of ition of some 


sper at appli 
ceneral concepts which have been advanced by other 
lhe theory 


ol dislo itions 


investigators in the theory 
ot Cottrell [5 appears to provide a sult ible explan l- 
tion of the present experimental observations; there- 
fore, the following discussion will be concerned with 
the mechanism of the release of dislocations prior to 
the initiation of vielding 


Holden [6 


crvstals of iron to a dislocation- 


\ recent theory by attributes the vield 


behavior of single 


FIGUR 1. Microstra ne for a rie f « tant 
‘OL. 
953 = 
| 
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ws 
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ollision process wherein moving dislocations release 


stationary dislocations by an interchange of energy. 


For the fine-grained material of this investigation, it 


seems pre ybable that the dislocation-collision process 


s not responsible for the microstrain because the 


free path for dislocation travel is comparable 


grain size. Also, the result of such a process 


be a strain rate which increases with time. 


[his is contrary to the experimental observations of 
tnis investigation | igure 


The decreasing strain rate observed in 


vestigation might be attributed to a depletion of the 
eservoir of dislocations which can be moved by the 
ipplied stress. The strain rate would decrease linearly 


with increasing strain by this mechanism, which is 


contrary to the experimental results of this investiga- 
tion. This indicates that some other mechanism gives 


rise to the observed strain rate vs. strain relations. 


\ mechanism has been proposed by Frank and 


Read |7| that may aid in an explanation of the 


observed microstrain. They have postulated a multi- 


plication process for slow-moving dislocations which 


in effect constitutes a dislocation source. A segment 


f a dislocation, with firmly anchored ends, acts as 
the source. A suitable applied shear stress causes the 
segment to curve and generate dislocation loops. The 
stress required to form a new dislocation loop with- 
out the aid of thermal fluctuations is given bv Frank 


ind Read to be 


| 7 Gra 
where 7, is the critical resolved shear stress: G is the 


shear modulus: X\ is the magnitude of the Burger's 


vector; a is a constant of the order of unity; and 7 is 
the original length of the segment. 
[t may be assumed that initially the dislocations 
annealed low-carbon steel all have complete at- 
mospheres of carbon and or nitrogen atoms [8] 


which 


SUC( essive loop is 


movement. As_ each 


the 


prevent their free 


formed under action of an 


pplied stress, the original dislocation line is re- 
formed and must again escape from its atmosphere 
to form another loop. 

he growth of the loops which have been formed 
will be stopped by obstructions, such as grain boun- 
The rate at which dislocations are generated 


the 


daries. 
bi the 


local stress at the dislocation source. The local stress 


Frank-Read source is a function of 
at the dislocation source is the sum of the applied 
stress and the stress field of opposite sign due to the 
array of previously released dislocation loops. Thus 
the rate of generation of new dislocation loops will 


decrease as the number of previously generated loops 
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increases; hence, the rate of strain should decrease 
with increasing strain at constant stress. This con- 
dition is observed in the present investigation. If the 
applied stress is low enough, the generation of new 
dislocation loops will be stopped completely before 
a sufficient number have been formed to break 
through the grain boundaries or other obstructions. 
he equilibrium microstrain observed in this study 
would then correspond to the total strain produced 
by the dislocation sources when the eeneration ol 
new dislocation loops is stopped. 


The 


preciable microstrain is produced by 


experimental data indicate that no ap- 


a tensile stress 
This 


value agrees with the elastic limit obtained by inter- 


of less than approximately 17 10* Ib/ in? 


polation of the data presented by Roberts, Car- 
\verbach [9]. 

lhe maximum resolved shear stress corresponding 
Ib/in? is 8.5 & 103 


the length of the 


ruthers, and 


to a tensile stress of 17 X 10 


lb in®. Thus, by equation (1 
longest dislocation source which contributes to the 


microstrain 1s approximately 


Gra /r = 1.34 X 10°’ in., 


where G is taken as 11.6 * 10° Ib/in?: \ is taken as 
0.985 & in.; 


Chis value of /,, is approximately 1.2 10 


and @ is taken as 1. 

times 

the lattice parameter of alpha iron. A mosaic block 

size of approximately 10° lattice parameters is be- 

from arrays of dislocations within 
(10). that 


mosaic block size represents the upper limit of the 


lieved to result 


metallic crystals Thus, it appears the 
length of dislocation sources within the material. 
he equilibrium microstrain produced by Frank- 
Read dislocation sources distributed throughout the 
material will now be calculated. The properties of an 
individual dislocation source will first be determined, 
and then the microstrain produced by a distribution 
of sources throughout the material will be considered. 
A Frank-Read source which has formed a number 
of dislocation loops in a particular slip plane is 


schematically illustrated in Figure 3. To find the 


equilibrium microstrain contributed’ by such a 
source, it is necessary to determine the equilibrium 
number and configuration of the dislocation loops 
that have been formed. The equilibrium number and 
configuration are determined by the applied stress 
and interaction of the stress fields associated with 
the dislocation loops, the source, and the obstruction. 
The stress field associated with a short segment of a 
dislocation loop is very complex. However, with a 
straight dislocation line of infinite length, the stress 
Koehler 


field, given by 11], is relatively simple 
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this 


Thus, the mathematical development of the pro 


perties ot a dislocation source is « onsiderably simpli- 


fed if the interaction between opposite sides ot 


dislocation loops is neglected, and an equilibrium 


array of straight, parallel, dislocation lines of infinite 


length is considered. The radial spacings between the 


dislocation loops and the source are assumed to be 


equal to the equilibrium spacings between infinite, 


Obstacle such as a 


Grain Boundary 


straight dislocation lines and a single dislocation line 


which represents the source. The minimum distance 
between the source and obstruction along 


location model is shown in Figure 


the slip 
plane is designated as Che approxim ite dis 
distance in units of Z along the shortest line betwee 
Phe 
interaction between a dislocation and an obstruction 


It 


and that 


where 


the source and obstruction in the slip plane. 


such a grain boundary, is known will be 


as 


not 
assumed that the obstruction cannot move 


it may be represented as a single disiocation ine 


Obstacle 


x 
+1 


Oo 
| 


FiGURE 4. Approximate dislocati 
linear dislocation 


} 


The simplifying assumptions mentioned above 


be 
to 


cannot justified. 
that not 


appreciable error into the calculations. 


rigorously 


However, there 


is reason believe they will introduce 


Che 
at a point between the 
dislocation source and the obstruction are the applied 


main 
contributions to the stress a 
stress and the stress due to the nearest dislocations, 
since the stress due to a straight dislocation line is 
inversely proportional to the distance from the dis- 
location. The stresses due to dislocation segments on 
the opposite side of the source, Figure 3, 


are com- 


I ( 
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Che equilibrium 
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segments are itivel 


im| 


Til 
duced by a source when 


will now be estimat 
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1 of dislox 
improbable 
P which 
Eshelby, Frank, 


mathemat 


need be 


' 
ical method 


IS dislo 


DriuM positio! 


the dislox 


ipplied stress solutio! 


il 
ons ot the dislo 
he 


| she 


the equilibrium po 


n stress tt 


this 
Nabarro is not 


tion is desired 


Cast the method of 


prac i when Sut h 


\ mathematical method for determining the 


sired properties of the dislocation model of | 


IS 


will be developed in which not 


necessary 
determine the exact equilibrium positions of the 


dividual dislocations. Thus, the 


difficulties 
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countered in the method of Eshelby, Frank, and 
Nabarro may be circumvented. 

The equilibrium number of dislocations produced 
by a given dislocation source will be that number of 
dislocations which makes the local stress at the 
source less than or equal to the critical stress given 
by equation (1). For convenience, the local stress r, 
at the source is expressed as the stress ratio S = 
7,L/B; thus, S, = 7,L/B is the critical stress ratio. 
The stress ratio, S, exclusive of the stress from the 


dislocation representing the source, is given by 


will be used to find the 
We begin by 


which gives 


Equations (3) and (4 


relationship between S, P, and n. 


squaring both sides of equation (4 


3d), this becomes 


+ 


6 


Summing equation (3) over j gives 


Using equations (6) and (7) in equation (5) gives 


1 -3+ 
x,;+ 1 
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where 
| 4 
,+ ] 


term A is 


3 
(. 


1 


The magnitude of estimated in the 


appendix of this paper, where it is shown that 


—2<A<lfor0 <n < Po, 0 
and 
1.04(3n) —1lfor6< S$ 


where P, is the value of the stress ratio P, which 
makes S = 0 for the particular value of n. 

Thus, a good approximation to the equilibrium 
number of dislocations produced by a dislocation 
source is given by 

Se 
P 


(9 tor O 


Since the majority of strain is produced by dis- 
location sources for which the equilibrium value of 
n is much greater than unity, the value of ” given 
by equation (9), while not necessarily an integer, 
may be used in the calculations without introducing 
appreciable error. 

The above equations may now be used to estimate 
the equilibrium microstrain as a function of tensile 
stress for a distribution of Frank-Read sources in 
polycrystalline material. The distribution of dis- 
location sources is assumed to be uniform through- 
out the material, and the total number per unit 
volume will be designated by p,. The fraction of the 
total number of dislocation sources with lengths be- 


N(l)dl. For 


a fine-grained, polvery stalline material, such as that 


tween / and / + d/ will be denoted by 
used in this investigation, the slip planes and slip 


directions may be assumed to be uniformly dis- 


tributed over all possible angles. The resolved shear 


stress ratio on a slip plane is given by 


(10) = = sin 28 cos @ 
where o is the tensile stress; 8 is the angle between 
the normal to the slip plane and the direction of 
tensile stress; and @ is the angle between the maxi- 
mum shear stress direction on the slip plane and the 
slip direction. 

The number of 
lengths between / and / + di, that will produce dis- 


sources per unit volume with 


location loops on slip planes which lie between 8 and 
8 + d8, with slip directions between ¢ and @ + d@, 


is given by 


«1955 
aT 
S=P-}3-)> 
2 4 
thus, 
- 
or 
— 4). 
Using equation 
5 P—S-—}). 
Phe term 2 ( ) may be written in the form 
Or 
3 S 3 


AL.: MI( 


(11) 


V(/) 
adBdddl. 


The generation of one dislocation loop from a 
given source causes a relative displacement, A, of the 
material above the area over which the dislocation 
loop has passed with respect to the material below. 
The displacement is in the slip direction. The mean 


displacement over a slip plane of area A, is then 


/A, 


where A is the area swept out by the loop. The mean 
displacement when loops are formed is 


(12) 


n\A,,/A, 


where A,, is the mean loop area. 
the tensile stress 


produced by the mean displacement over one slip 


The strain in the direction of 


plane containing one dislocation source may be ob- 
(12 


specimen of unit area such that A | 


tained from equations (9) and (considering 


cos 8), and 


is given by 


13 P) cos B 


sin B cos @ 


The equilibrium strain due to all dislocation 


sources on all slip planes is obtained from equations 


11) and (13 


and is given by 


14 N(1)(P — S,?/P 
OT 


-sin 2 


OCOS 


where ¢, is the microstrain in the direction of the 


tensile stress, and the integration is carried out ovet 
all dislocation sources for which P > S 
‘| he mean loop area tor a civen source 15S within 


the following limits: 
— 2L 


where circular loops are considered as shown in 
Figure 2, and D is the diameter of the obstruction 


For a uniform distribution of dislocation 


sources 
over a given slip plane, the mean value of 2Z is 
approximately 0.15D, and the above limits on the 
mean A,, become 


0.73D°/4 <A, 4. 


Thus, the mean loop area cannot vary over a wide 


range, and its mean value may be considered a 


constant without introducing appreciable error. The 
length ZL appears as a linear factor in the term 
(P — S.2/P), 


tion over 8, ¢, and /, and replaced by its mean value 


and mav be taken out of the integra- 


L’. The angle 8, may be considered to vary in the 
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interval 0 to w/4, since the integrand of equation 


28. Simi- 


the range of @ may be restricted to 0 to 7/2 


7 


14) contains the variable in the form sin 


larly 


then becomes 


> 
SIN COS dod 


Equation (14 


where A’,, is the mean dislocation loop area of all 


loops on all slip planes. The limits of integration ; 


where 2GXa Phe quantity is the length of 


the shortest dislo ation source whi h generates new 


loops under the action of the applied tensile stress, a 


The exact configuration of dislocations in alpha 
the distribution of dis 


\ dis 


SOUTCEeES have 


iron is not known. Therefore, 


location source lengths, .V(/), is not known 


tribution is assumed for which all 


lengths less than some value, . as is 


dicated by experimental data dis« ussed above 


Phe distribution is assumed 
V c(] 
V (0) 
is a normalizing 
ombiu 


lng equations 


tions Ove! 


resulting stress 
fitted to the 
i} 


CNOOSINg 1 


cL’a, 


expel iment 


value of the constant, p,. and us ne the 


determined value ot Che y 


has been 


previously 


p.A’,,cL’a which taken 


p, A’ 


cL'a | DS 
lhe relationship between applied tensile stress and 
the equilibrium microstrain given by equation (17 


) 


is shown in Figure 2 in which the experimental points 


are also plotted. Equation (17) follows the experi- 
mental data within the limits of the experimental 


accuracy. 


sin 28 cos @ sin 28 
|) 
53 | 
for / greater thar 
ind na pertori 
ne the d gives 
\ 
cos 
» J \ < 
vs. microstrain relation is 
data by 
Dn to fit the data is 


$20 


assumed distribution of dislocation 


The 


lengths is plotted as a solid line in Figure 5. The 


quantity, corresponding to the shortest disloca- 
tion source which is active at the upper yield stress, 
is indicated in the figure. 
The 


lengths may be somewhat different than the assumed 


actual distribution of dislocation 


distribution. It is reasonable to assume 


actual distribution has a limiting dislocation source 


length corresponding to the mosalk block size, and 


0.5 


Dislocation Source Length,|O° lattice para- 
meters 


that NV increases near this limiting length as / de- 


creases. It is not « lear whether or not .V reaches a 
maximum value for / greater than zero, as is indicat- 
ed by the dashed line in Figure 5, or decreases con- 
tinuously as / increases from zero. However, these 
two distributions will produce essentially the same 
microstrain relation, since the 


torm ot stress vs. 


sources with lengths less than do not contribute 
to the microstrain. 

Because of the uncertainties in the actual form of 
the distribution of dislocation source lengths in alpha 
iron, and the difficulties in making a reliable estimate 

the 
A’ ,cL’a, 


cannot be determined. However, it is clear from the 


of the value of the constants Ps; A’ and 


significance of the value of the constant, p 
above analysis that the generation of dislocation 
loops from Frank-Read sources distributed through- 
out the crystals of the material can adequately ex- 
plain the experimental stress vs. equilibrium micro- 
strain relation as shown in Figure 2. Further cor- 
relations with experimental results will be required 
to establish the reality of the mechanism described 
and to refine the various assumptions made in this 


analysis. 


Summary and Conclusions 


Sensitive strain measurements under conditions of 
rapid loading indicate that a plastic and anelastic 


6 


microstrain of approximately 30 X 10~° in/in. pre- 
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source 


source 


that the 
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cedes the vield strain in the mild steel emploved in 
this investigation. Che total microstrain pre duced by 
is a function of 


stresses less than the vield stress 


stress and increases from zero at a stress approxi- 
mately equal to 0.4 times the yield stress to approxi- 
30 X in/in. 


The experimentally observed microstrain may be 


mately at the vield stress. 


quantitatively explained by a dislocation-generating 


mechanism in which the motion at the generated 


dislocations is stopped by obstructions, such as grain 
boundaries. Comparison of the theory and the ex- 
perimental data leads to the determination of a 
characteristic length of dislocation which agrees with 
structure. A 


mosaic block 


more complete description of the 


prey ious concepts Of a 
stress vs. micro- 
strain relation may be made by the techniques em- 
ploved in this paper when the configuration of the 
obstructions to dislocation motion and the distribu- 
tion of dislocation source lengths are more detinitel\ 


established. 
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Appendix: Estimation of the Term A 


It is desired to estimate the term 


3 3 
A = ( +=; 
P x, P {P 
For P,S > 0, — 2< A, since (1 + x,;) > 0. 


Two theorems which are easily verified by equations 
3) and (4) will be useful in estimating A. They are: 


(A) x 


(B) S increases as P increases with » fixed. 


increases as P increases with m fixed. 


It may be verified by equation (4) and theorem (B 


that there exists a Py) such that S(P»,, 2) = 0. Then 
P > P, tor S > 0, and by theorem (A 


> 


1 
) < 32 


5) 
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\ 
t \ 
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wen 


Using equation 


For the case (0 < n < Py; 0 < S), — 2 
since P > Py and P>S trom equation (4), for 
n > 0, and it remains to estimate as a functior 
of P,. This estimate is carried out by representing 
large number of dislocations between the dislocatior 
source and obstruction as a continuous distribution 


of dislocations from a point v = a, where Lhe 


to a point x = 6, where 6 < + 1 (Fig. 4). The 


equilibrium equation, equation (3), for the distribu- 


ted dislocations is 


| 0 
Jav—: y 


where a < y < b; @ (x) is the dislocation density at 
point x; f° o(x)dx o(b 0: and the 
Cauchy principal value of the integral is understood 
The solution for ¢(x) in this equation is obtained 
by the method of Tricomi [13] and may be written 


in the torm 
(20 


where G(x) is a polynomial of the first degree. 
The stress ratio at the dislocation source is given 
by equation (4), which for the distributed dislocation 


model may be written as 
(21 


Equations (19), (20), and (21) may be combined 


to give the following relations between P, 7, and S 


2P(n + 2 


where 
(7 (4 
Equations 


show that 


W here 


P > 0, 


Using equation 
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NOTES ON WORK 


HARDENING AND RECOVERY* 


BECK?+ 


\lthough the available data are not conclusive, they suggest that the annealing processes in cold 


worked metals may be subdivided into at least three distinct stages, 
increasing annealing time or temperature (apart from overlapping) in the following order: (1 
without interface migration), (2) sub-boundary migration (gradual subgrain growth essentially 
3) grain boundary migration (‘‘recrystallization”’ with local reorienta- 


ery 


without reorientation), and 


which occur successively with 
recoyv- 


tion, i.e., the discontinuous growth of some crystal fragments with strongly deviating orientations 
It appears that most of the stored energy of cold work and a minor component of the work hardening 
is released in recovery, while subgrain growth is capable of releasing the remaining larger portion of 


work hardening, 
‘recrystallization”’ 


which is connected with the sub-boundaries. 
often sets in prematurely and then it takes over from subgrain growth the func- 


However, the third stage of annealing 


tion of relieving a large fraction of the work hardening. 


NOTES SUR 


L’ECROUISSAGE ET LA 


RESTAURATION 


rré que les données disponibles dans ce domaine ne soient pas encore conclusives, elles sug 
gérent que les processus de recuit dans les métaux écrouis peuvent étre divisés en au moins trois 


phase s distinctes, qui se succédent en fonction du temps de recuit ou de l’accroissement de la tem- 


les enchevauchures mises a part 


des interfaces), (2) migration des sous-joints 


pérature 


des joints intercristallins (recristallisation avec réorientation locale, « 
» de certains fragments cristallins avec forte déviation des orientations 


dans l’ordre suivant: (1 
croissance graduelle des sous-grains sans réorientation 


restauration (sans migration 


.-a-d. la crois- 
I] apparait 


plus grande partie de l'’énergie accumulée par le travail a froid et une faible partie de |’écrouis- 


] 


SOI 


t libérées lors de la restauration, alors que la croissance des sous-grains est capable d’éli 


il er le reste de 1'é&« rouissage lie aux sous joints. En réalité, i] arrive souvent que la troisik me phase 


‘‘recristallisation 


est éliminée, au lieu de 


lissage 


BEMERKUNGEN ZUR 


gange Il kaltbearbeiteten 


Weise aufeinar 


berschneidun en): l 


Glunhvor 
der folgende: 


bgeseher von | 


mit 


Ir vers hiede1 er 
Ya ilgespe iC he rten 
id das Feinkornwachstum den verbleibenden, 


verbunden ist, 


rfriiht ei 


rte zu 


Since the original investigations of Polanvi and 


Schmid [1], it has been known that zinc single 


crystals can be extended with only one glide system 


operating and that a large portion of the work 


hardening connected with this process can be recover- 
ed at room temperature, without recrystallization. 
Haase Schmid [2] and, 


and more recently, Li, 


Washburn, and Parker [3] found that after deforma- 


tion 


in pure shear on a single glide system complete 


recovery can be attained on annealing and that the 


of strain and recovery can be carried out 


original 
the 


repeatedly, each time returning to the 


mechanical properties, corresponding to well- 


annealed condition of the single crystal. As shown 


by Honeycombe {], it is a characteristic feature of 


plastic extension by pure shear on one glide system 


“easy glide’) that it does not involve local dis- 
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commence prématurément, 


HARTI 
Obwohl die vorhandenen Daten nicht véllig schliissig sind, deuten sie doch darauf hin, dass sich 
i Metallen in 
ider folgen, went 
Erholung 
Feinkornwachstum 


Ortlicher 


et c'est alors qu'une fraction importante 


l’étre lors de la croissance des sous-grains 


NG UND ERHOLUNG 


drei Stadien unterteilen lassen, die 


wenigstens 
die Gliihzeit oder die Gliihtemperatur zunimmt 
Korngrenzenbewegung), (2) Feinkorn- 
\nderung der Orientierung ind (3 
Reorientierung d.h. diskontinuierliches 
Es scheint, werde der 
leiner Teil der Hartung 

grosseren \nteil 
Das dritte Gliihstadium 
vom Feinkornwachstum 


ohne 
Orientierung als 
Energie und ein k 
| 

| 


Kann 


frei machen 


| nimmt dann 


nd est 


befreie1 


orientations (Laue asterism) even after 100 per cent 


extension. The calorimetric work of G. Borelius and 


his associates |6; 7| gives accurate data for the 


instantaneous rate of the isothermal release of stored 
cold work at relatively low annealing 
60° and 100°C for Cu). Data of this 


kind may eventually allow 


energy ol 
temperatures 
a definite conclusion as 
to the atomic mechanism of Even 


that, at 


recovery. now, 


however, it is clear least in three cases 


investigated, by far the largest portion of the stored 
energy of cold work is released in the early stages of 


annealing [8; 9; 9a] 


In all cases of plastic deformation other than ‘‘easy 


glide’ the extent of work hardening is much 


greater than that resulting from pure shear on a 


single glide system; furthermore, only a fraction of 


this work hardening can be eliminated by recovery 


without interface migration). The conditions des- 


cribed suggest the another, non- 


importance ol 


recoverable type of work hardening in addition to 


3) migratior 

sance disconti 

ue 

m 

de 

V 

195 

Korngrenzenbewegung (‘‘Rekristallisation” 

Wachstum einiger Kristallfragmente 

grosste Teil der in der Kaltbearbeitur 

n dem Erholungsvorgang frei, wahre 

der Harte, der mit den Feinkorngrenzen 

die Funktion, einen evoasen Tell der Hasta 
( 

iry 26 
Mini il Engineering, 

\ 


sECK: WORK 
the recoverable type encountered in the case of pure 
shear. In the following, it will be shown that informa- 
tion is now available which sheds some light on the 
physical nature of non-recoverable work hardening 
and from which its relative magnitude can be 
estimated. 

W. L. Bragg proposed.a theory of the strength of 
metals [11], according to which the resistance to 
shear is inversely proportional to the average linear 
size of the “‘mosaic fragments,” i.e. subgrains into 
which the crystals of a metal break down on cold 
working. In the intervening years the idea of 
plastic deformation has not 


The 


attributed 


“fragmentation” by 


gained universal acceptance. formation of 


subgrains has been rather to “‘poly- 


gonization’’ [12], a process defined as the thermally 
activated migration of individual dislocations from 
their isolated positions, attained in plastic deforma- 
tion, to the “dislocation walls’? or sub-boundaries 
after 


polygonization mechanism leads to the formation 


observed annealing. Thus, the postulated 


of subgrains on annealing of a crystal continuously 
bent in plastic deformation, and it leads to the 
the bent crystal. 


sectionwise straightening of 


recent investigations by 


Kellar, Hirsch, and Thorp 


However, Heidenreich 
[13] and by 
indicate that the cold working of polycrystalline 
metals results directly in the formation of subgrains 
within the individual grains of the metal [15], 
similar to but much finer than the ‘‘cells’’ previously 


Wood 


result of creep deformation. Subgrains of the orde 


found by and his associates |16; 17] as a 


of 0.5 to 2 microns were shown to form on severe 
cold 
Zn and Al, but even in higher melting metals, such 
as Au, Fe, and Ni 
also formed when Zn is deformed at liquid nitrogen 
[19]. This that 


not be 


working at room temperature, not only in 


18]. Furthermore, subgrains are 


suggests thermal 


temperature 


activation may necessary for the formation 


of subgrains (although it is essential for subgrain 


The 


subgrains in 


gerowth. ) mechanism of the formation ot 


plastic deformation is most likely 
closely related to kinking, as described by Orowan 
[20], Barrett and Hess [21], and Washburn 


Parker [22].* It is a result of the tendency ot 


ind 
line 
dislocations to arrange themselves in stable arrays 
or ‘“‘dislocation walls’”’ in the course of the deforma- 


tion process, rather than to “‘get stuck’’ in isolated 
positions in the deformed crystal. However this may 
be, the availability of direct experimental evidence 


for the formation of subgrains on plastic deforma- 


*See also Jillson [34]. 
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tion of a type connec ted with large non-recoverable 


work hardening suggests that sub-boundaries do 


play an important role in this type of work harden- 


ing. Unfortunately, no correlated data are at 


present available for reliable quantitative compari- 


son with Bragg’s formula. Using Heidenreich’s 


estimate of the subgrain size of his pure 


aluminum 
after “pounding” at 78°K (1 micron), Bragg’s 


formula gives a shear stress of about 960 psi. This 


7 than the shear 


\ ield 


28 


value is about 3.7 times smaller 


tensile stress, 


from the 
Goldberg, and Dorn 


calculated 


stress 
reported by Sherby, for a 
pure \] sper imen, prestrained Ld per cent in tension 
at 78°K, 


eliminate 


and annealed two hours at 530°K to 


the recoverable component of work 


hardening. In view of the uncertainties of the data, 


this may perhaps be considered as agreement 


within an order of magnitude 


means ol elec tron trans 


Heidenreich showed by 


mission microscopy [13] that in the cold worked 


condition the subgrains themselves are considerabl\ 
electron diffraction charac 


strained, so that thet 


are different from those of well-annealed 
The 
cold working was 


X-ray 
Phorp 


teristics 


metal distortion of the subgrains formed it 
ilso indicated in the micro-beam 


Hirsch, ind 


annealing, as observed by 


diffraction patterns of Kellar, 


Che first effect ot 


Heidenreich, was the recovery of the _ strain-{ 


the subgrains, at relativel) 


20 Lo! \] 


condition within 


annealing temperatures 


ipparently without sub-boundar 


eitect 1s inalogous to the behavior of sin 


deformed in pure shear: the finely dispersed in 


subgrains al sily remove 


fections inside the 


innealing. As shown 


Spots, 1 


clue | 


mic ro-beam | 


Ol cold worked metal 


subgrains ire restored 1 


' 
crystalline perfection 


: 
type, Dut large enoug 


low magnification, 


Washburn, and Parket 


geneous detorm ition ¢ 


These authors found 


the vield stress df their c1 


by the 


the substrue 


introduction ol 


ipparent from these experiments that tl 
} 


of sub-boundaries is connected with worl 


large as compared with that resulting 


cll 


shear, even il the erains themselves 


lly 


iS a result ot tre ig Ol 


strain tree |2: is eff might be 


dislo il 


stationary, interlocking dislocation v 


ac 

53 
an 
|) 
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a n the first stage ¢ nealing 
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was creat reased 
essent 
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constitute the network of sub-boundaries (‘‘inter- 


action hardening’), a mechanism fundamentally 


Taylor 
Mott [25]; 


related to that originally proposed by ce. 2. 
modified by N. F. 


presumably the sub-boundaries assume the role of 


[24] and recently 
the ‘‘barriers’’ discussed by Mott. Whether or not 


this the work-hardening by 
subgrain formation is satisfactory will have to be 


data 


interpretation of 


decided when more quantitative become 
available. 

In the experiments of Li, Washburn, and Parker, 
annealing only 20°C below the melting point re- 
moved neither the coarse substructure nor the cor- 
responding work hardening from inhomogeneousl\ 
deformed Zn crystals. Also, Heidenreich observed 
very little, if any, change in the fine substructure in 
cold worked Al up to 200°C, at which temperature 
the subgrain structure was wiped out by recrystalli- 
\lthough 
higher annealing temperatures when the subgrains 
this, 


appears 


zation. suberain growth does occur at 


are initially small and when, in spite of 


recrvstallization does not interfere [26], it 
that annealing of cold worked pure aluminum at 
temperatures at least up to about 200°C does not 
affect the sub-boundaries, or the component of work 
hardening connected with them. Tietz, Anderson, 
and Dorn [27 


pure aluminum specimens, pre-strained at various 


prepared a series ol poly rvstalline 


temperatures to the flow stress of 12,300 psi (meas- 


ured at 78°). Yield stresses were then determined 


for these specimens at 78°K, after various periods of 


recovery at 305°K. Assuming that most of the 


recoverable work hardening inside the subgrains is 
removed by annealing for eight hours at 305°K, the 
decrease in \ ield stress for spe imens pre-strained at 


different temperatures indicates the extent of the 


work hardening originally present in these speci- 


form of the recoverable component. 


mens in the 
From the data it appears that the yield stress of the 
1700 


psi, or approximately 14 per cent of the total work 


specimen pre-strained at 78°K decreased by 


hardening. For the specimen prestrained at 194°K 
the decrease was 1200 psi, or approximately 10 per 
cent of the total work hardening, and for the speci- 
mens prestrained at 273°K and at room temperature, 


the decrease was 700 psi, or approximately 5.7 per 


cent of the total work hardening. Although the 
relative magnitude of the recoverable component 
may be actually somewhat 


of work hardening 


higher than the above figures indicate (because of 


the possibly incomplete removal of recoverable 
work hardening by 8 hours of annealing at 305°K), 
nevertheless, it is a minor fraction of the total work 


hardening in strained, polycrystalline high-purity 
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aluminum. The data also show that the relative 
magnitude of this component rapidly decreases as 
the temperature of cold working is increased. It may 
be expected that the work hardening in pure poly- 
crystalline aluminum, deformed in the temperature 
310°K 570° kK 
(depending on the strain rate) is practically entirely 
of the the 
sub-boundaries. Under such conditions, work harden- 


range between approximately and 


non-recoverable type, connected with 
ing should not be associated with any line broadening. 
At still higher temperatures, recrystallization ac- 
companies plastic deformation and no work harden- 
ing results. 

In view of Bragg’s and Mott’s theories, the extent 
of work hardening connected with the sub-boundar- 
ies may be expected to depend on the average 
subgrain size. In a very interesting recent investiga- 
tion by Sherby, Goldberg, and Dorn [28], data were 


obtained which may be interpreted to show the 


dependence of the non-recoverable component of 
work hardening on variations in the subgrain size. 
In this work, pure aluminum specimens were 
prestrained under varying conditions, in order to 


The 


recoverable component of the work hardening was 


produce substructures of varying fineness. 
eliminated either by carrying out the pre-straining 
at temperatures above 422°K or by annealing the 
specimens for 2 hours at 530°K after pre-straining 
the work 
been 


at lower temperatures. Consequently, 


hardening in these specimens must have 


entirely of the tvpe connected with sub-boundaries. 
The 


tests at 78°K from about 1300 psi to 7400 psi may 


observed increase of vield stress in tension 
be ascribed to a progressive decrease in subgrain 
size. Starting with fully annealed material, decreas- 
ing subgrain sizes were produced in one experiment 
by increasing the amount of pre-strain, and in 
another experiment by decreasing the temperature 
of pre-strain. Two series of specimens with pro- 
gressively increasing subgrain size (and with corres- 
pondingly decreasing yield strength) were prepared 
by first prestraining at 78°K, thus setting up a very 
fine substructure, and subsequently annealing for 
various periods of time at 530°K with, and without, 
simultaneous straining in slow creep. In accordance 
with previous investigations [17; 19], the combined 
effect of 


strain was found to increase greatly the rate of 


annealing and of simultaneous creep 
subgrain growth on annealing. For instance, the 
subgrain size giving a yield stress of about 5800 psi 
was obtained on annealing at 530°K for 170 hr. 
without straining, or alternatively, for about 1.5 hr. 
with the simultaneous application of a creep strain 
of about 0.004. 


WORK HARDENING 


The second stage of the annealing process, where References 
the work hardening associated with sub-boundaries LANY d Scum, | 
decreases as a result of sub-boundary migration, was 
originally isolated by Crussard [33] in extended Al 
single crystals, and designated by him as “‘recrys- 
tallization in situ.’’ More recently [26], it proved to 
be an important annealing mechanism even in 
highly deformed polycrystalline metals. Apparently, 
subgrain growth requires higher temperatures and / or 
longer periods of annealing than the first (recovery 
stage, and it is often quite distinct from the latter. 

some Cases, as in rolled Mo 350: 10], the in rease SUZUKI, 
in strength above the value for well-annealed 1 (1949) 55 


polycrystalline material can be completely eliminated KANzAKI, H 


on annealing by the mechanism of subgrain growth as 
without recrystallization involving reorientation 
In this case subgrain growth is clearly separated 1953) 300 

from the third stage of annealing, where reorien- 
tation takes place by the migration of ordinary 
high energy grain boundaries (recrystallization ony 
More often the third stage begins before com- 1. N 
plete softening is attained by subgrain erowth, 165 (1950) 554 
so that the two phenomena partially overlap 5. B 

Cl 

\VILMS, 


1949) 693 


For instance, in cold rolled polycrystalline Zr, when 
annealed at 400°C, only approximately 50 per cent 
softening is achieved by subgrain growth before Wests 
recrystallization sets in |31]. For a cold rolled 76 (1949 
Ni-Fe alloy, 85 per cent softening was reported 

32] to correspond to 50 per cent reorientation, 
suggesting that, here too, subgrain growth contri- 
butes to softening. 

It is now apparent that the annealing of cold 
worked metals can be dissociated into at least three 
distinct stages, which occur’ successively with 
increasing annealing temperature or time (apart 
from possible overlapping) in the following order: 

1) recovery without interface migration), (2 
sub-boundary migration (gradual subgrain growth, 
essentially without reorientation), and (3) grain 
boundary migration (‘‘recrystallization”’ with local 
reorientation, i.e., the discontinuous growth of some 
crystal fragments with strongly deviating orienta- 


tions). Present evidence indicates that only a minor 
\.I.M.I 194 (1952 
SEMCHYSHEN, M 


194 (1952) 279. Se 


component of the work hardening is released in 


recovery, while subgrain growth is capable ol 


releasing the remaining larger portion which is con- emer Teane & tis 194 (1952 


nected with the sub-boundaries. In practice, however, 31. McGeary, R. K. and LustMan, B 
1953) 284-291 
Seymour, W. I 


subgrain growth the function of relieving much of ,. 2 1944) 140 


the third stage of annealing (‘‘recrystallization”’ 


often sets in prematurely and then it takes over trom 


the work hardening. , ILLSO ; 8 1950) 1009 
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DEFORMATION OF SYMMETRIC ZINC BICRYSTALS* 


J. J. GILMANt 


Stress-str data are 


is shown that the 


terms of dislocation theory 


presented for a symmetric zin 
bicrystal deforms as if it were a monocrystal. 


bicrystal with a longitudinal boundary. 
[he observations are discussed 


LA DEFORMATION DES BICRISTAUX SYMETRIQUES DE ZINC 


1 relation tension-déformation sont présentées pour un bicristal symé 


joint longitudinal 


Il est montré, que le bicristal se déforme comme s'il était 


Les observations sont discutées en termes de la théorie des dislocations. 


DIE VERFORMUNG SYMMETRISCHER 


ZINK-BIKRISTALLE 


Es wurden die Spannung-Dehnungsdaten fiir einen symmetrischen Zink-Bikristall mit longitudi- 


naler Korngrenze angegeben. Es wird gezeigt, 


und diese Beobachtungen werden i 


an investigation of the plastic properties 


During 
of longitudinal zinc bicrystals, it was observed that 
a symmetric zinc bicrystal deformed plastically as 
This phenomenon 


1]. The 


Kawada's 


though it were a monocrystal. 


has been reported previously by Kawada 
present note presents data confirming 
rather unexpected result and interprets the pheno- 
model. 


menon in terms of 


Also, the 


briefly discussed 


a simple dislocation 


general behavior of zinc bicrystals is 


\ 1) Schematic scale drawing of 
Schematic drawing of 


deformation 


r cent elong ition 


Before it detormed, Bicrystal A had the 
configuration shown in Figure la. The orientation 
angles were x Ai, G 


and x2, As, 


Was 


equal to 32, 38, 76 degrees 


respectively, equal to 30, 42, 88 


degrees, respectively. x is the angle between the 


slip plane and the specimen axis, A is the angle 


between the slip direction and the specimen axis, 


*Received February 16, 1953 
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dass sich der Bikristall wie ein Einkristall verformt, 
m Rahmen der Versetzungstheorie diskutiert. 


and @ is the angle between the slip-direction, speci- 
men-axis plane, and the normal to the wide side. The 
specimen’s mirror symmetry across the grain 
boundary is clear from Figure la. 

Figure 2 shows the stress-strain curve of Bicrystal 
A and, for comparison, the stress-strain curve of a 
monocrystal that had the same shape and approxi- 


as Bicrystal A. The 


two curves are almost coincident. The close agree- 


mately the same orientation 
ment between the stress values for the two speci- 


mens may be partly fortuitous, but it is certainly 


FIGURE 2. Stress-strain curve of Bicrystal A compared 


with points from curve for a monocrystal of similar orientation 
Bicrystal A. @ monocrystal: xo = 31 
od 


significant that the shapes of the curves are identical. 
This means that the symmetric bicrystal behaved 
like two separate monocrystals tested in parallel. 
The shape of Bicrystal A after deformation is 
shown schematically in Figure 1). In addition to the 
reorientation rotation of the slip planes, Figure 16 
that the 
the tension 


caused by 


rotated somewhat 
latter 
the 


crystals and would not have occurred if 6; and 6s 


shows two crystals 


This 


the shape changes of 


about axis. rotation was 


individual 


had been equal to 90 degrees. 


Les données concernant 
monocristal. 
| 
x 
Ky cs 
KY VY 
Y 
Ay 
8 8 
the bicrvst | prior to 
the hicr etal after } 
ul aft .bout 23 p 
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The grain boundary of Bicrystal A was examined 
500X, but 
was observed. The slip bands in each crystal simply 
the 
stopped or suffered a discontinuity in direction. 


after deformation at nothing unusual 


extended up to boundary and then either 


When a bicrystal is plastically deformed, the 


lattices of its individual crystals rotate by certain 
amounts relative to the erain boundary. These 
incremental rotation angles may be resolved into 
components about orthogonal axes. The orthogonal 


anes A, Y, 


rotation 


and Z are chosen so that wz, is an incre- 


ment in about the tension axis of the 


bicrystal, wy is an increment in rotation ‘about an 


axis normal to the grain boundary, and wy is an 


increment in rotation about an axis which lies in 


the plane of the grain boundary, but is perpendicular 
to the tension axis. 

It is proposed that wz and wy have a small effect 
on the stress-strain curves of zinc bicrystals. 
Aw; = 


greater hardness ol bicry stals compared to mono- 


®y1 — Wye is the factor which results in the 


stress- 


crystals. If Awy is zero, a bicrystal has a 


strain curve which is similar to that of a mono- 


crystal. 
The 


caused by shape changes of the individual crystals 


rotations about the tension axis, ®z are 


in a bicrystal. If the slip directions of the individual 
crystals lie in the same plane or in mutually perpen- 
dicular planes, wz: = wz2 = 0. Kawada {1] has 
discussed in detail some typical cases when wz # 0, 
and he shows how the final shape of a deformed 
bicrystal may be predicted. On the basis of the test 
of Bicrystal A and 


believed that wz has little effect on the strength of 


tests of other bicrystals, it is 


bicry stals. 


wy and wy result from the reorientation of the 


individual crystals as they deform by slip. For 


symmetric bicrystals, in general, wy # wy ¥ 0 but 
Both the 
that 


Wry1 = wye SO Awy = 0. Kawada [1] and 


author have found symmetric bicrystals 


approach monocrystals in their softness. This is the 


justification for the proposal that wy has a very 


small etfect on the strength of a zinc bicrvstal. 


Dislocation theory explains this quite simply. 
Consider a symmetric bicrystal. According to the 

dislocation theory of grain boundaries [2], the 

angle, 


where } is the magnitude of Burger's vector and h 


disorientation is given by tan b/h 
is the dislocation spacing. The number of dislocations 
per unit length of boundary is 

tan ¢ 


M = 


The number of positive dislocations per unit length 


of crystal contributing to a plastic shear, v, is 


DEFORMATION OF 


BICRYSTALS 


1 
The shear is A tan so, tor small m 
Since there are 


dislocations required in 


number of 
the 


two ¢ rvstals, the 


the boundary to form 


proper disorientation angle after deformation is just 
equal to the number of dislocations which flow into 


the boundary because of the shear the 


crystals. Thus it is easy to understand why symmetric 


grain boundaries offer little resistance to tensile 


deformation. 


On the other hand, it is difficult to see how 


dislocations of either ede or screw flow 


into a grain boundary to cause a rotation ol tl } type 


\t low strain rates or at high temperatures, the 


Awy might 


viscous flow to make the 


relax sufficiently by 


stresses caused by 
grain boundary’s contribu 


tion to the deformation resistance but 


for ordinary strain-rates and temperatures this 


would not be the case 


Since the rotations normal to the grain boundary 


accommodated by simple slip other 


cannot be 


mechanisms, such as local twinning and bend-plane 


formation, operate. [hese require more energ 


for their operation than simple slip and hence lead 
to increased strength 


is large, 


It has been observed that even when Ac 


there seems to be no intera tion between the two 


crystals or a zinc bicrystal at distances greater t 


a few microns from the grain boundary 


crystal reacts with the boundary independently 


Che 


extend to definite and relatively 


attected regions of the individual cry 


tances 


absolute dis 


from the boundary, which depend on the orientation 


the orain boun 


ind to some extent on the area ol 
Chis that 


should not show geometri 


] 


bicrvstals 
Dimen 


} 
Inno! 


dary. means longitudinal 


correspondence 


sionally large ones should contain less no 


1] 
geneous strain pel unit volume than small ones 


Vie ld 


ind, 


stresses 


therefore, have 


cally similar, but dimensionally small bicrysta 


Acknowledgments 


The bicrvstals were grown at Columbia University 


while the author was employed on a contract with 
the Office of Naval Research; Contract N6 onr 27128, 
work ‘was 


\ll other experimental performed at 


the General Electric Research Laboratory 


References 


Met. Cor 
1951 


Phys Rev. 78 


KAWADA, 7 Proc. First World 
p. 591, ASM; J. Phys. Soc. Jap., 6 
Reap, W. T. and SHOCKLEY, W 


362 


$27 
953 
ach 
(19150 


THE REDISTRIBUTION OF SOLUTE ATOMS DURING THE 
SOLIDIFICATION OF METALS* 


W. A. TILLER, K. A. JACKSON, J. W. RUTTER, and B. CHALMERS? 


redistribution of solute resulting from solidification in the 

Li solution for transient and steady state conditions. Diffusion 
t and shown to be of importance in determining the solute distribution 
nd the solid. It is shown that the distribution for both normal freezing and zone 
rate ol solidification. \W he n the spe ed of solidification is increased abrupthy : 
ntration is formed in the solid; the reverse occurs when the speed is 
the length of the constitutionally supercooled zone of liquid adjacent 

» calculated 


LA DISTRIBUTION DES ATOMES D’UN CORPS DISSOUS LORS DE LA SOLIDIFICATION 
DES METAUX 


ite de la distribution du corps dissous résultant de la solidification’ 
olution binaire, dans les cas des régimes transitoires et permanents: 
le, dont il est tenu compte, joue un réle important dans la 
lu corps di 


le liqui 
ssous dans le liquide et dans le solide. Il est aussi montré 

la vitesse de solidifi ation, aussi bien dans le cas de la solidification 
n en zones (‘‘zone-melting’’). Quand la vitesse de solidification est 
de haute teneur en corps dissous est formée dans le solide; 

t brusquement diminuée. Des valeurs de la longueur de la 
itutional supercooling’’) dans le liquide adjacent a la surface 


roissance et le liquide ont été calculées 


DIE WAHREND DES KRISTALLISATIONSVORGANGS IN METALLEN AUFTRETENDI 
VERANDERUNG IN DER VERTEILUNG DER GELOSTEN PHASI 

it von Konvektionsstr6men wahrend der Kristallisation erfolgende Veranderung 

in der Verteilung der gelésten Phase in Zwischenstoffsystemen wird fiir stationadre und nicht-stationare 

li ingen quantitativ diskutiert. Die Diffusion in der fliissigen Phase wird in Rechnung gestellt, 

t, dass sie sowohl fiir die Einstellung der gelésten Phase in der Fliissigkeit als auch 

ng ist. Es wird gezeigt, dass die Verteilung sowohl im Fall der normalen 

‘all der ‘‘Zone ‘Iting’’ von der Kristallisationsgeschwindigkeit abhangt 

nsgeschwindigkeit plétzlich ansteigt, bildet sich ein Band erhéhter Konzen- 

as Umgekehrte tritt bei einer plétzlichen Verringerung der Kristallisations- 

\usdehnung der auf Grund des Konstitutionsunterschiedes unterkiihlten, 

Kristall unmittelbar benachbarten Fliissigkeitsschicht 


/ traversing a relatively long charge of solid alloy by a 
Introduction small molten zone (i.e. small with respect to the 
It is well known that redistribution of the solute length of the charge). He showed that it is possible 
occurs as a crystal solidifies from a melt of impure _ to eliminate or enhance the segregation of the solute 
metal or alloy. For the case in which a single phase by suitable variation of the growth conditions. 
solid is formed, the equilibrium concentration of These treatments of segregation, whether they 
solute in the solid at the interface between solid and apply to ordinary freezing or zone-melting, are 
liquid is different from the equilibrium concentration incomplete. The above-mentioned authors have 
of solute in the liquid adjacent to it, the ratio of the expressed, in one form or another, the concentration 
former to the latter being denoted by a ae This 
ratio is called the distribution coefficient and is 
expressed diagrammatically by Figure 1. 
The resulting segregation has been studied and 
treated mathematically by a number of investiga- 
tors. Notable among these studies has been the 
recent work of Pfann on zone-melting [1]. In his 
work, he has extended the treatment of normal 
freezing by Gulliver [2], Scheuer [3], and by Haves 
and Chipman |4], to the treatment of the results of 
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a solute which lowers the freezing point of the solvent 
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Re 


in the solid as a function of g, the fraction solidified, 
and have derived, for freezing, an equation of the 


form 


(1) 
where Cy is the initial concentration of solute in the 
melt, and & is the ratio of the solute concentration 
in the solid to the concentration in the liquid. 
Equation (1) has been based on the following 
assumptions: 
1. Diffusion in the solid is negligible. 

the 


concentration in the liquid is uniform at all times 


) 


2. Diffusion in liquid is complete (i.e., 


3. k is constant. 
The present paper shows that the second assump- 


tion is not valid. According to Frenkel jo and to 
Jost [6], the diffusion coefficient is 1-10 cm 


all liquid metals thus far studied. It will be shown 


dav for 


that the rate of diffusion of solute in the liquid, 
calculated from this value of the diffusion coefficient, 
is not large enough for the assumption of complete 
liquid diffusion to be even approximately valid under 
the conditions used for the production of single 
crystals or for zone-melting. 

Mixing of the solute due to convection will tend to 
level the solute concentration in the liquid. However, 
convection can be eliminated by growth in a vertical 
tube so that the variation of the liquid density with 
temperature along the specimen will result in the 
least dense part of the liquid being at the top. 
Mixing due to natural convection will then be 
absent; incomplete mixing will also.occur for hori- 
zontal growth under a low temperature gradient, 
since natural convection will be reduced by a 
decrease in temperature gradient. For specimens of 
small cross-section there will be little convection 
because of the small space available. For specimens 
of large cross-section, convection must be relatively 
rapid to remove completely the layer of high solute 
concentration formed adjacent to the growing 
interface, before that layer solidifies. Experimentally, 
it has been observed, for crystals grown horizontally, 
that a change in the rate of growth produces a marked 
the the 


If mixing were complete, the solute concentration 


change in solute concentration of solid. 


of the solid would be independent of the speed. 
If complete mixing could be obtained, by either 
forced or natural convection, equation (1) would be 


valid. Experimentally, complete mixing will be 


approached most closely by the use of high fre- 
quency induction heating, which causes stirring of 


the liquid, and by growth at a slow speed. 


DISTRIBI 


SOLU TI 


TION OF 


Normal Freezing 


he present examines the 


both 


paper 


solute in normal freezing and zone-melti 


Che following assumptions are made 


1 


1. Diffusion in the solid is negligible 


2. The value of k 


as defined in the first pat 
is constant. 

3. Convection in the liquid is neglig 
Since the solidus and liquidus lines 
brium diagrams are curved, 
however, an average k found for 


considered. Att 


1: this occu 


tration range 


to the case ot b 


of solute in the solid is less 


corresponds to rejection 


forms, and therefore to 


solid as it 


increasing concentration of solute in 


liquid. 


Let the solute concentration in the liquid be ¢ 


er of the solid to treeze will have 
\s the cryst 


liquid concentration will rise because of the solute 


then the initial la‘ 


il grows the 


solute concentration ot RC 


rejected from the interface; this will cause the solid 


to rise also. This increase of concen 


concentration 


tration will continue until a steady state condition 


is attained. At this the solid concentration 


point 


adja ent to the interface will have rea hed 


value and the distribution of solute in the 


near the interface will be constant also 


Let the form of the liquid distribution C, be 


} 


shown in Figure 2, Cy) being the initial concentration 


in the liquid. Two factors influence the torm of 


C,, and they are | 


diffusion in the liquid tending 
throughout the melt 
coefficient D 


the process of freezing which acts as 


to spread the solute uni 


at a rate governed by he diffusion 


cm/sec; (2 


source solute at 1 nteriace betwee! 


Ireezing 1s measure 


liquid—the rate of 


advance intertace, R cm. se 


pi 

concel 

1] ] 

| 1. +] 
Rees than in the liquid; this 

Drovressivel' 

pro: 

stead) 

quit 

FIGURI 2 Stead’ state diustril tiors otc ite the 
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By consideration of Figure 2, the amount of 
solute diffusing into unit area of face x is D(dc/dx),, 
the amount diffusing out at face x + dx is D(dc 
dx),+9:; therefore, the net flow into a volume element 
is D(d*c/dx*) per unit volume. If the solid-liquid 


interface is considered as the origin, and freezing is 


represented by moving the liquid distribution past 


it at the rate R cm/sec, then the net flow out of the 


same volume element due to freezing is R dc/dx. 


Therefore, the differential equation describing a 


stationary distribution with respect’ to this co- 


ordinate system is 


—5.+ R 
ax 


which yields a solution 


is the solute concentration in the liquid at 


C; = 


where C 
the interface, and the variable x’ denotes distance 
in front of the interface. 


) 


Equation (3) shows that the liquid distribution is 
exponential and that its ‘decay constant”’ is deter- 
ratio of the rate of growth to the 


The 


is approximately | 


mined by the 


ditfusion coefficient. value of D as given by 


Frenkel [5] 10 cm? day for all 
liquid metals, whereas R can be varied. A measure 
of the ‘‘characteristic distance”’ of the redistribution, 
+ 
the interface, is plotted in Figure 3, for 


values of R. 


i.e. Where C, has fallen to C e of its value at 


various 


Characteristic Diste 


R cm/sec 


FiGuRE 3. ‘“‘Characteristic distance,’ D/R, of the solute 
listribution in the liquid, Cz, (equation 5) as a function of the 
rate of growth, R 


The influence of convection on the solute distribu- 
tion in the liquid will depend both on the tempera- 
ture differences in the liquid and on the rate of 
growth of the crystal. Natural convection is caused 
by the presence of temperature differences in the 
liquid. This convection will tend to lower the solute 
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distribution C,, especially if the distribution ex- 
tends far into the liquid. An increasing rate of growth, 
the 
For rapid rates of 


however, will serve to decrease the effect of 


convection on two counts: (i) 
growth the exponential solute distribution has a 
large decay constant and does not extend very far 
the but 


distribution lie entirely 


falls rapidly to Cy. 
the 


ahead of interface, 
This 


“stagnant” 


may within 
layer adjacent to the interface which 
would not be affected appreciably by convection. 
(ii) Since the growth is rapid, there will be little 
time for convection to alter the distribution C,. 
The concentration in the solid C,, rises from its 


maintains this concentration as solidification con- 


initial value of to its equilibrium value and 
tinues. When the steady state has been reached, the 
amount of solute in the region just ahead of the 
interface must be constant; therefore, the amount 
of solute leaving the liquid while the interface is 
advancing by unit distance must be equal to the 
amount of solute entering the region concerned. 
the 
equal the concentration of the undisturbed liquid, 
ie. HC, 
the system such that the excess solute would build 


Therefore, the concentration of solid must 


there would be an unbalance in 


up the exponential distribution in C,; which would 
in turn build C, up to Cy. If C, > Cy, then the solid 
would be absorbing more than the source is supply- 
ing, and would thus tend to lower the exponential in 
back to 

Krom a consideration of Figure 2, steady state 
and C, = Co/k — Cy at 
the interface. Therefore, equation (3) becomes 


From equation (4), the form of the solid distribution 


C,, which in turn drives C 


conditions yield C, = C 


C, up to the equilibrium level may be calculated. 
The curve of solute concentration in the solid at the 
beginning of the specimen must satisfy the following 
conditions: 

1. It must rise from kCy at the beginning of the 
cry stal. 

2. It must tend asymptotically to Cy with dis- 
tance along the crystal. 

3. It must rise continuously from RC, to C). 
the 
must be equal to the area be- 


consideration of Figure 4, 


and C 


tween C, and C, for ‘‘conservation of solute.”’ 


Krom area 


between C, 


If it is assumed that the rate of approach of C, to Cy 
with distance along the specimen is proportional to 
(Cy —C,) at any distance x measured from the begin- 


ning of the specimen, it follows that C, is of exponen- 


ax 
9 
4 | 
on D= Scm*/day 
23 48 6 7 6 9 0 
Rate of Growth, 


TILLER 


tial form. The justification for this assumption is 
that it appears plausible and is the simplest possible 
assumption which fits the four boundary conditions. 
Using this assumption and the four conditions noted 


above, C, is derived in Appendix I, and is given by 


R 
= Co) (1 — k) 1 exp (- + ky 


where x is the distance measured from the beginning 
of the crystal. The rise of C, is illustrated in Figure 4, 


and similarly the “characteristic distance’ of the 


distribution is found to be x = D/kR cm, at which 


FiGuRE 4. Distribution of solute in the liquid, Cg, and 
the solid, Cs, in the first part of the specimen to solidify 


Cr shows the solute concentration at the growing interface 


before conditions are 


The 


reached may be termed the transient region. In this 


region equilibrium 
region the shape of the solute distribution in the 
since C; = C,/k 
\s the solid- 
the 


liquid can be determined from C 
for any point x as shown in Figure 4. 
liquid interface moves from x = 0 to x = Xz, 
area under the liquid distribution C, — Cy at any 
value of x is equal to the area Cy — C, from 0 to x; 
this must be so in order to conserve solute. The form 
of Cy is given by 


R 
(6) Cy = Co exp( —k v) 


that 


distribution curve C, is exponential with 


It may also be seen the transient liquid 


“decay 
identical to that which prevails under 


Che 


constant” 


equilibrium conditions (see Appendix II 


distribution C, is given by 


where ¢ represents time and x > Rt. 
For a complete solution of the solute distribution 
in the solid, the last part of the specimen to solidily 


must also be considered. The analy sis of this region 
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is complicated by the fact that a finite liquid region, 
in which the concentration changes at all points, 


No 


the 


must be considered. attempt will be made to 


derive quantitatively solute concentrations in 


this region. However, the qualitative iorm ol the 
solute distribution in the solid will be derived 


Let: x’ distance measured from the interface 


into the liquid, 
distance measured from the beginning 
of the spec imen 
length of specimen, 
distance from interface to 
spec imen 

Assume that L is large compared to D/kR so that 
the steady state solute distribution in the liquid C 
is established the 


over an appret iable leneth ol 


specimen. The transient solute distribution in the 


solid at the end of the specimen can then be con- 
sidered independently from that at the beginning 
\s the interface approat hes the end of the specl- 


men, the concentration at any x’ < x, must increase 


\ssume that the concentration at an\ 


remains constant, as shown in Figure 5. Then, since 
the steady state distribution C; has been established, 


the amount of solute in excess of Cy which would 


have appe 


\ \ ‘n the 


k D exp { ) 


S re presented 


integral ol 


solute by the ire 


[his quantity of 


ior intertace pos ele) 


under the dotted portion of C 


2 in Figure 5. If this quantity of solute had come out 


in the solid bv the time the interface reached the 


point x L the solute concentration in the 


liquid af any \ would not have changed 


the liquid 


Since a change in solute concentration in 


is necessarv to cause a change in solute concentration 


which has 


interlace has 


in the solid, the amount of solute above C 


appeared in the solid by the time the 
reat hed A L \ 


must be less than the value 


13] 
(5) C 
i 
OL. 
Ar i 
FIGURE 5 \ssumed solute ¢ entrat ( st 
HEE red in the solid as the interface moved t 
rv; to ind is 
( 
Ca Co) E exp 
R 
exp — Ri + 
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given by (8). By comparing (8) to the similar 
expression clving the integrated solute deficiency 
below Cy at the beginning of the specimen, the shape 
of the distribution in the solid at the end of the 
specimen can be compared to that at the beginning. 
Che solute deficiency at the beginning, from a point 


x» to a point where the steady state distribution 


C, is established, is found from equation (5) by 


integration, and is given by 


and (9) are equal when x2 = x1/kR. 


the 


Expressions (8 


Therefore, when interface is at a distance Xe 


beginning of the specimen, a fraction 


‘ R ] 
l exp fi k x) | 


of the solute represented by the area under the steady 


from the 


state distribution C; is being carried ahead of the 
interface and when the interface reaches a distance 


this traction of the 


from the end of the specimen, more than 


solute is still being ( arried ahead 


of the interface. If the concentration in the solid is 
insignificantly different from Cy at a distance x2 
from the beginning of the specimen, it will still be 
insignificantly different from Cy at a distance less 
than kx. from the end. For values of k& less than 
unity, the rise at the end is more rapid than that 
at the beginning. 

If no increase in concentration occurred at any 
v1, as postulated previously, then the concen- 


tration in the solid would finally reach Cy/k at the 


a 


nce _ 


FiGuRE 6. Solute distribution in the solid, Cs, and solute 
concentration in the liquid at the growing interface, Cy, for 
the complete crystal. The dotted lines, Cz, indicate the solute 


listribution in the liquid for various interface positions. 


] 


end of the specimen. Hence, the concentration 


in the solid at the end must reach a value greater 


than C,/k. If C, 


production of a second phase in a suitable alloy 


is large enough, this will result in 


system. For example, let Cy be the limit of solid 


solubility at the eutectic temperature of a binary 
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eutectic system. When the second phase is formed, 


the solute concentration in the liquid must be 
greater than the eutectic composition Cy. Since 
C, > Co/k at the end of the crystal, then the solute 
concentration in the last liquid to freeze is greater 
than Co/k?. If Co/k? > Cz, that is, Cy) > k?C gz, then 
the second phase will form provided that the neces- 
Therefore, if the initial 


is greater than RkCy, then 


sary nucleation occurs. 
solute concentration C 
the second phase will appear. If the solute is a gas, 
then the second phase will be gaseous and bubbles of 
gas will be nucleated. 

The form of the solute distribution in the solid 


for the entire specimen is illustrated by Figure 6. 


The Effect of Changing R 


Knowing the characteristics of the solute distri- 
butions in both the liquid and the solid, it will be 
shown that increasing or decreasing the speed of 
growth produces transverse bands of higher or 
lower concentration. C;, is given by equation (4) for 
any growth rate R. If the growth rate is increased, 
then the exponential must become steeper, as shown 


in Figure 7. When the distribution comes again to a 


oO 


File 


Concentration 


state solute distributio1 


terface for rates of growth R;, 


FIGURE 7. 
ahead of the i 


is in the liquid 


and Rb. 


steady state for the new growth rate, the concentra- 
again be Cy/k. 


the areas under the two curves are 


tion at the interface must once 
From Figure 7, 
now different and this difference in area is exactly 
what has been added to the solid distribution due 
to the changed rate of freezing. If R decreases, the 
amount of solute entering the solid is temporarily 
reduced (see Figure 8). 


R, can 


be changed very rapidly, the solute distribution in 


In practice, though the rate of freezing, 


the liquid cannot change instantaneously from the 
distribution characteristic of R; to that characteris- 
tic of Re. If Re > Ri, then the freezing interface 
rejects more solute than can diffuse down the con- 
centration gradient characteristic of R,; in the time 
allowed, and thus the concentration at the interface 
The concentration gradient then 


must increase. 


( 
k R 
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becomes steeper, and as the solute distribution 
changes, the amount of solute diffusing down the 
gradient will increase until it becomes equal to the 
amount being supplied as a result of growth, which 
is governed by Ro. The rate of loss of solute, due to 
diffusion, will ultimately exceed the rate of supply 
due to growth and the solute concentration will then 
decrease to the value characteristic of Roe. 

Between the two steady state conditions, C; must 


rise (at the interface) by an amount which depends 


— Distance = 


Change in solute concentration i 


FIGURE 8. 
7 in growth rate, K 


Cs, as a result of a change 


> 


on the change in R and the values of R; and R 
If R; is large, then the distribution Cy, is essentiall 
confined to a narrow region adjacent to the interface 
and the change to the distribution characteristic of 
R, will be accomplished by moving the interface 
only a very short distance. In this case, the solute 
concentration in the solid, C will rise and fall 
steeply. 

The amount of solute that appears in the solid as a 
result of the change in speed can be found by 


integration of equation (4) for the two values of R, 


fey 5 
) 


The rate of change of R is controlled by the ther- 


and is given by 


(10 


mal conductivity of the crystal and the latent heat 


Rate of Growth —— 


— Distance —= 


FiGurE 9. Assumed change in growth rate, R, as afunction 


of distance. 


of fusion, i.e., how fast the latent heat is conducted 
away, and on the imposed change in the rate of 
supply and extraction of heat. 
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It is thus apparent that the presence of transverse 
bands [8] differing in concentration from the equili- 
brium value of Cy may be created by rapid changes 
in the growth conditions of the crystal. 

If the 
disturbed abruptly by lowering the heat input, a1 
amount AQ for a time At and 


crystal will react to this sudden discontinuity and a 


heat flow conditions for the svstem are 


back again, then the 


band will result. The crystal will grow rapidly for a 


very short distance in an accelerating fashion, first 


positive and then negative, until once again it 


returns to its initial growth rate when the heat flow 


conditions are stabilized at their original valu 
The resulting distribution is represented in | 
LQ. 

If the distance 


tance to the maximum in the curve, then the solid 


lg ure 


Figure 9) is less than the dis 
distribution will travel up AC, (the steepness being 
determined by R R and al the distance L Ay 
will start down again since the driving force has been 
as the rate 


reversed. If the rate of rise is the same 


for AC will be the 

Che value of 
icceleration 1 
AC; 


rate ot growth is 


ot | ill, the decay constant same 


AC; 


now 


both sides (see Figure 10 
fall 


negative and the 


on 


will below Cy) since the 


7 
inder 


If the 
then AC, will start to 


tol il ire mus 
be Zero to conserve solute 
once again reversed at Ax, 


rise again. 


Supercooling 


idvancing interface 
Che 


at which the 


Che liquid ahead of an 
supercool for two different reasons. 


must be at a temperature below that 


solid and liquid would be in equilibrium and, 


therefore, the adjacent liquid is also supercooled. 


The second cause of supercooling arises only in 


1 


impure metals and alloys, and is related to the 


distribution of solute in the liquid. It was described 
and discussed qualitatively by Rutter and Chalmers 


[7] who describe it as ‘“‘constitutional supercooling.”’ 
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For an alloy, the distribution of solute in the liquid 
will be given by equation (4). Thus, every point 
in the liquid ahead of the interface has a definite 
concentration of solute atoms, and thus a definite 
liquidus temperature as given by the equilibrium 
the alloy under consideration (see 


diagram for 


Figure 1). There is also a definite temperature 
gradient in the liquid metal imposed by the growth 
conditions. If the temperature at a certain point as 
maintained by the gradient in the liquid is lower 
that 


than the liquidus temperature at point as 


predicted by the equilibrium diagram, then the 
liquid at that point will be constitutionally super- 
cooled. 

If only constitutional supercooling is considered, 
then the length of the constitutionally supercooled 
zone may be calculated. The solute distribution is 
given by equation (4), and from the equilibrium 
diagram the equilibrium temperature is given by 


1] T; 


— mC, 


where 7) is the melting point of the pure metal, 
and m is the slope of the liquidus line (see Figure 1 
m is assumed to be constant for simplicity. Thus, the 


equilibrium temperature for any point in front of 


R 
D* 


the interface is given by 


— mC 


cms. ——— 
Equilibrium liquidus temperature (solid 
ilated from equation (12), and specimen tempera 
d lines) cal ilated from equation 13 
» ahead of the 


, as functions 
nteriace 

he temperature gradient in front of the interface 
may be ex yressed as 

| 
m + Gx’ 

the inter- 
the 


where 7) — mC 


and G is 


k is the temperature at 


face, the temperature gradient in 


liquid. If the above two equations are plotted, the 
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point of intersection other than x’ = 0 will give the 
length of the supercooled zone. Thus, for 7 = JT’, 
it is found that 


(14) .1 x ( 
) (XD — x = « 
D* mC(1 — k)/k* 


Equation (12) and equation (13) are plotted in 
Figure 11. The graph gives the length of the super- 
cooled zone for different growth rates. From equa- 
tions (12) and (13), the critical growth rate and 
temperature gradient for no supercooling can be 
calculated by equating the slopes of the two curves 
These critical values are found 


at the interface. 


from a solution of 


(15 G mCy 1—k 


R D k 


Incubation Distance for Cellular 
Substructure 


A substructure of a cellular nature has been 


observed and studied in single crystals by Rutter 


and Chalmers [7]. They are columnar in the direc- 


tion of growth, and hexagonal in cross-section. 


Their presence is attributed to the existence of a 
constitutionally supercooled zone of the melt just 
ahead of the interface. 

As the crystal PTOWS, the liquid concentration at 
the interface builds up from its initial value Cy to 
its equilibrium value C)/k in a manner given by 
equation (7). Thus, the crystal must grow for some 
distance before the liquid concentration is large 
enough to produce an\ constitutional supercooling. 
his incubation distance Z can be calculated by 
equating the slope of the temperature gradient in 
the liquid to the slope of the equilibrium tempera- 
ture in front of the interface as given by equation 

11), where the concentration is given by equation 


(7). The incubation distance is then 


D ) 
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For tin containing 0.016 per cent lead (Cy = 
L00C 10 per cent, Rk = 
em, ang D = 3 10 
it is found that Z is of the order of 0.2 cm. 


per cent, m = 


cm/sec, G = 75C° 


Zone- Melting 
Single Pass 


Consider a charge of binary alloy ot constant 
cross-sect ion 
Let 


as shown in Figure 12. In the light of the preceding 


whose composition Cy) is constant. 


a molten zone of length / traverse the charge, 


k 
i 
| 
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theory, the segregation of the solute will depend on 
the zone-length /. By varying the size of the zone- 
length, two cases may arise. 

Case 1. | >L,, the characteristic length of the 
distribution in the liquid, i.e. where the concentra- 


tion has fallen close to the value Cy. In this case the 


Solid 
Charge 


FIGURI rz. Solidification by zone-melting. 


liquid distribution will be identical to that for 
normal freezing, and thus the theory already devel- 
oped will apply to the segregation of solute for 
zone-melting. 


liquid distribution must satisfy equation (2 


Under equilibrium conditions the 
and 
exponential 


therefore must be of 


interface the concentration must be Cy)/k as usual, 


and the concentration must fall off as R/ D: thus the 


distribution must be as shown in Figure 13. At a 


°) 


FIGURE 13. Steady state solute distribution in molte 


zone. 


distance / ahead of the interface, the concentration 


has not fallen to the value Cy, but to a value greater 


than this, consistent with the exponential decay 
Since the area contained under this distribution 


must be smaller than the area for the zone-length 


distributions in solid, Cs, and 


FIGURE 14. Solute S 
n for the case of zone 


liquid, Ca, in initial 
melting. Cr gives the concentration at the growing interface 
is a function of distance from the beginning of the specimen 


transient 


regic 
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required for normal freezing, C, must rise more 


rapidly. Thus, the smaller / is, the more rapid must 


be the rise of the solute concentration in the solid. 


This deviation from normal freezing is illustrated 


in Figure 14. By the use of a treatment similar to 


that of Appendix I for finding the decay constant 


in the solid, the distribution C, may be expressed 


)| 


‘ification 


From consideration of equation (17), it av be 


» solid 


seen that, since the distribution of solute in 


rises more sharply than for normal segregation, 


less purification results. 


It is now clear that the smaller / is, the smaller 


will be the quantity of impurity transferred from 


stal to the last part in 


| one 


the first part of the cry 
lheretore, the amount of purification per pass 


pass 


will dec rease as de reases be low the ( h iracterist 


length L, of 
hence, one 


] 


the solute distribution in the liquid; 


limit on the zone-length should be 


However, in repeated pass zone-melting, if the 


zone-length / becomes larger than the characteristic 


of the solute distribution in the solid, the 
the first zone-l ith to 


When 


concentration may not be 


we concentration i1n 


ippens, tne 


be melted will be increased this hapy 


average much less than 


the initial Cy of the then the 


first pass 


| imount ol 


purification per succeeding pa vill be decreased 


With 


method 


the view to 


purincation 


Lu 
The conclusions from 


the optimum 


conditions 
ire 
IS 


Equation (18 


rate of growth for a given zone 


mines L, and / 


solute distribution in the 


the characteristi 


liquid and 


Comparison with Experimental Observations 


Banding 


The technique of autoradiography 


ide observable 


Stewart et al [8] has 


banding. It Was observed that 


x | — 
Solid Molten “Movement of 7 |. } 
Zone Molten Zone ( ( 
R R 
8 k | exp 
) 
Pur 
OL. | \ Matting 
= 
length 
vel 
length R deter- 
| 
hc. ieee: jeneths of the 
as applied by 
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small concentrations of solute sometimes tend to 
erow with the solute segregating out into alternate 
bands of large and small concentrations transverse 
to the direction of growth. One of these autoradio- 
graphs showing banding was placed on the densito- 
meter, and there was found to be a periodic rise 
and fall about a mean value as shown in Figure 10. 
Thus, in the light of the preceding analysis, the 
phenomenon can be explained as a result of fluctua- 


tions in the heat input to the liquid. 
Cellular Substructure 

The existence of a zone ol supercooling is not in 
itself the cause of the cellular substructure; it has 
Chalmers [9] 


the 


been pointed out by Winegard and 


that a positive value of dS dx’, where S is 
amount of supercooling, is the criterion for the 
formation of the substructure. This condition arises 
as soon as constitutional supercooling occurs. 

The theory developed considers the distribution of 
interface for diffusion in one 


solute ahead of the 


direction only. This is complete only if the interface 
is plane; however, for an irregularly-shaped inter- 
face, the treatment would require extension to 
include lateral diffusion. The presence of the cellular 
substructure would alter the preceding picture, since 
the centres of the cells extend further into the melt 
than the bases, thus altering the equilibrium distri- 
bution of solute in a direction perpendicular to the 
Chalmers [7], in 


direction of growth. Rutter and 


their study of the substructure, observed this 


transverse segregation of impurities. 
Zone- Melting 
the as given by 


Pfann [1], it 


distribution of solute 


that of 


Though 


equation (17) differs from 


predicts the same qualitative results; in addition, 


however, it shows that the rate of freezing is a 
factor which influences the redistribution of solute. 
The more rapid the rate of erowth, the steeper will 
be the rise of the solute concentration in the solid. 
The the 


redistribution process ; 


zone-length also appears as a factor in 
the smaller the zone-length, 
the steeper W ill be the rise of the solute concentration 
seen from consideration of 


in the solid. It may be 


equation (17) that any result which may be achieved 
by changing / can equally well be brought about by 
changing R, 


conditions of operation in the purification process by 


the rate of growth. The optimum 


the repeated pass method have been evaluated. 
Finally, from the point of view of the redistribution 
of solute, it is also seen that, when the zone-length 
is greater than L,, there is no difference between 
zone-melting and normal freezing. 
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The condition A; = A» 
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APPENDIX I 
Refer to Figure 4. 
Let: Cy = solute concentration in the melt before 
solidification begins. 
distance measured from the beginning 


of the specimen. 


= solute concentration as a function of x. 
= 


\ssume that the rate of approach of C, to Cy with x 


distribution coefficient. 


is proportional to (Cy) — C,) at any x. Then: 


dx 


1(Co 
: = —a(Cy — C, 


where a = a constant. The solution of this equation 


Is. 


Since (C = C 


and 


where A and B are 
as x — therefore B = 0, 


constants. 


Applving condition 1 noted in the text 


= kCy) whenx = 0, 


kC 


Therefore, 


> 
é ae 


It will be seen that this equation satisfies conditions 
2 and 3. 
Condition 4 is satisfied by proper choice of a, as 


follows: The area A; between C, and Cy, is 


l—kD 


Ay C R’ 


between Cy, and C, is 


A» 


vields 
_ RR 


Hence 


(5) C, = 


Cy) — C,= +B 
C,= Cy—Ae . 
A = C)(1 — k). 
C, = €, — €,f1 — 
R 
(1 — — exp + ke. 


TILLER ET al! 
APPENDIX II 


Derivation of Equation (7) 
Refer to Figure 4. 
The notation used will be the same as that in 
Appendix I; in addition, let: 
Cr = the solute concentration in the liquid at 
the interface, expressed as a function of 


distance x from the beginning of the 
crystal. 

solute distribution in the liquid when the 
interface is at distance 


any particular 


x = x; from the beginning of the crystal. 
value of x for which the steady state is 
essentially established, i.e., C, = Cy and 
Cr = Co/k. 
distance in liquid measured from interface 
as origin. 
For any position, x ;, of the interface between 0 and 
X, conservation of solute must be maintained. 
Therefore, the area A; between C, and Cy up to the 


between 


must be equal to the area Ao, 


point x 
C, and Co. 
Cr is given by 


Assuming C, to be of exponential form, it may be 
written as 
= {Cr(x1i) — Cote + Cp, 


where C7(x,;) denotes Cr evaluated at x;. Then 
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TION SOLI 


Cherefe re, 


If the interface moves from 3 


t at rate R, then C, may be expressed as 


J1l—k 
( ) E exp ( k 
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THE THEORY OF D, IN THE ARRHENIUS EQUATION 
FOR SELF-DIFFUSION IN CUBIC METALS* 


A. D. Le CLAIRE 


Zener’s theory of Do is extended. By assuming correlations between the various quantities occurring 
the theoretical expressions for the self-diffusion coefficient appropriate to the various current 
mechanisms of diffusion, and other properties of the lattice to which such quantities are most closely 
related, itis shown that the experimentally observed values of Dp and Q (in the equation D = Dy exp 
O/RT)) are consistent only with the supposition of a vacancy mechanism in face-centred metals 
and with a ring mechanism in body-centred cubic metals. 
Cheoretical relations obtained for D, which include Zener’s relation for D» as 
values of D for those metals whose self-diffusion coefficients have vet 


an approximate 
ase, mav be used to estimate 


to be measured. 


LA THEORIE DU Dp DANS L’EQUATION D’ARRHENIUS 
POUR L’AUTO-DIFFUSION DANS LES METAUX CUBIQUES 
de Zener du Dp est étendue. En supposant l’existence de corrélations entre les diverses 
ul apparaissent dans les expressions théoriques du coefficient d’auto-diffusion relatives 
rs mécanismes de diffusion, et d’autres propriétés du réseau auxquelles ces quantités sont 
rs expérimentales de Dp et Q (dans l’équation D = Dy exp Q/RI 
l’hypothése du mécanisme des lacunes dans les métaux cubiques a 


La théori 
quantités q 
i1uxX dive 
liées, il est montré que les valet 

sont compatibles qu’ave 
faces centrées et Je mécanisme des anneaux dans Jes métaux cubiques centrés 

Les relations théoriques obtenues pour D, qui englobent la relation de Zener comme une approxi- 
de D pour les métaux, dont les coefficients 


mation, peuvent étre utilisées dans ]’estimation des valeurs 
d’auto-diffusion n’ont pas encore été mesurés. 


DES Do IN DER ARRHENIUS’SCHEN 
SELBSTDIFFUSION IN KI 


Dy ist Wenn mar 
theoretisch« \usdriicken fiir 
mit de ver Diffusionsmechanismen 

1 Verbindung setzt, dann kant 
ind Q in der Gleic hung D=D exp 
‘rt kubische mit einem Leerstellenme« 

mit einem Ringt hanismus erklart werden kénnen. 
fiir Dp als Grenzfall ent 


iskoethziente 


GLEICHI 
BISCHEN METALLEN 


DIE THEORII NG FUR DII 


des i1usgedehnt. Beziehungen zwischen den verschiedene1 
Selbstdiffusionskoeffizienten annimmt, und 
und Gittereigenschaften mit 
| gvezeigt werde! 
RT 


hanismus, in raumzentriert 


schiede le! 
hl] 


am engst in Beziehung stehen i1 


von D 


tell beobax ht te rte 


to model, and so by comparing the measured and 


1. Introduction 
calculated values of these terms a choice may, in 


rhe diffusion coefficients for metallic self-diffusion principle, be made between the proposed models. 


or for diffusion between two dissimilar metals are The three most discussed probable mechanisms of 


well known to vary with temperature through the diffusion are (1) vacancy diffusion, (2) interstitial 


) 


\rrhenius type equation diffusion, and (3) ring diffusion [2], this latter in- 


cluding as the simplest case diffusion by the mutual 

D=D 
where Dy and V are 
The 


value lving between 20 and 70 kcal/mol 


R17 


. ex( hange ol position ol two neighbouring atoms. 


temperature independent con- Direct quantum mechanical calculations of Q have 


“activation energy,’ Q, generally has a been made [2; 3] for self-diffusion in copper by each 


1-3 e.v. of these three mechanisms. The value of QO obtained 


lhe many values of Dy which have been reported for for the vacancy mechanism turns out to be not 


the other 
the 


binary interdiffusing systems cover the range 10-* to only less than the values obtained for 


10 cm?/sec. For self-diffusion however, Dy lies in) mechanisms but it is also closest to ex- 


self-diffusion 
that 


determined activation 


the 


the more restricted range 10~' to 10 cm?/sec. perimentally 


Various dynamic models have been proposed in’ energy. Thus it is concluded vacancy 


the past (see for example [1]) as representing the mechanism best represents the actual process giving 


fundamental lattice diffusion process and all lead to 


an equation for D similar to (1). However, the 


quantities entering into Dy and Q vary from model 
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rise to self-diffusion in copper. It is usually inferred 
from this result that the same mechanism operates, 
for both self- and inter-diffusion, in all close-packed 
structures. This is generally confirmed by observa- 


tions of several experimental phenomena connected 


Zener’s Theor 
Variablen in dé 
diese Beziehung VOI 
de Lles¢ \ irl 
dass die experime 
flachenzentri 
cubischen Metal 
Die theoretis ka Zum 
\bschat der D-Werte fiir Metalle, der Selbstdiffusio i —_—__!__mn noch nicht gemessen sind, 

— 
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with diffusion in close-packed alloys, particularly of 
the Kirkendall effect which would certainly not occui 
if diffusion took place by a ring mechanism. Such 
observations are most readily interpretable in terms 
of a vacancy model (see for example [4]). However, 
for the other than close-packed metals there is com- 
paratively much less evidence of a similar nature 
from which to draw conclusions as to their mechanism 
of diffusion. Calculations, similar to those for copper, 
have been made of Q for self-diffusion in the alkali 
metals [5]. These calculations suggest that diffusion 
is by a type of interstitial mechanism, but they are 
not valid for other body-centred cubic metals. It is 
particularly unfortunate that no Kirkendall effect 
experiments have yet been performed on non-close- 
packed metals. 

Very 


parison of theoretical and experimental values of D, 


little attention has been given to a com 
with a view to selecting the most likely self-diffusion 
mechanism. Order of magnitude calculations have 
irom time to time been made and these show agree 
ment with experimental values of Dy for self-dif- 
fusion, but such methods are insufficiently sensitive 
to discriminate between the proposed models. The 
first serious attempt in this direction was that of 
Zener |6| that the 


mechanism ot 


whose analysis indicated 


self-diffusion in face-centred cubic 
metals differs from that in body-centred cubic metals 
If, largely on other evidence, a vacancy mechanism 
is assumed for the face-centred cubic metals, then 
his calculations suggest a 4-ring diffusion process to 
be most likely for the body-centred cubic metals. 

It is the purpose of this paper to follow up and 
extend these calculations of Zener and to show that 
tace- 


the observed values of D» for self-diffusion 1 


centred cubic lattices may be civen a satistactory 
interpretation only on the supposition of a vacancy 
mechanism of diffusion, while those for bodyv-centred 
cubic metals are shown to be consistent only with 


the supposition of a 4-ring diffusion process. 


2. The Expression for D 


The observed diffusion in a crystal lattice is the 


net result of a large number of random jumps of 
each atom between successive equilibrium positions. 
Che diffusion coefficient is clearly proportional to 
the average number » of such jumps made in unit 
time by each atom. It can be shown that in cubi 
crystals, when each atom is equally likely to migrate 
in one direction as in any of the other crystallo- 


graphically equivalent directions, D is given by 


na’, 
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where a is the lattice « onstant and g isa veometrical 
factor depending upon the disposition around any 
one atom of neighbouring positions into which that 
atom may jump. 

When the migration is from one normal lattice 
site to another as in vacancy diffusion or ring dil 
lattices and 
| he ( al ula 
tion of g for the face-centred cubic case is given in 


fusion, g 1/12 tor tace-centred cubi 


1/8 tor body-centred cubic lattices. 


lhe interstitial positions in the face-centred cu 


bic lattice are at the body centres of unit cells and 


at the mid-points ol thei sides. Che disposition ol 


nearest neighbour interstitial positions is therefore 


congruent with that of nearest neighbour lattice 


positions and so again g 1/12. The same is not 


the body 


centred 


to be | 24 


true of interstitial positions 1n 


cubic lattice and in this case g turns out 


Wee an 1 


on by the Vacancy 


\n atom may move only when there is a 


on one of the neighbouring sites. Since the va 


are distributed at random in the lattice of pure 


metal, if a is the fractional concentration ol 


sites, and z the co-ordination number. 


vacant 


the probability that a particular atom has a 


as neighbour. If p is the probability that 


time any one atom will move onto a vacant 


‘) 
In equation (<2 


which it is adjacent, then 


by 


centred 


both bod 


lattices then D Is given by 


For 


( 


2) the assumption 


In deriving 


successive moves of an atom are in 


inother. It has been pointed out 


the case in diffusion, for 


just made a move in one direction by exch 


1 vacancy is clearly more likely to make 


in the opposite direction rather than 1 in\ 


anal 


move 


vsis of this situation shows 


other direction. An 


equation (4) to be in error by about 2 per cent but 


experimental values of D are not at present sufficient 
inclusion of this refinement 


ly accurate to warrant 


the ch inge ll 


AF be 


at constant temperature, apart from that 


energy on torming 
a Vacancy 
contributed by changes in mixing entropy. The total 
free energy, including the latter contribution, is then 


found [9] to be a minimum when a is given by 


exp 


TOL. vacanc 
953 
elves 
|_| 
3 
| D apa 
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which therefore represents the equilibrium fraction 
of vacant sites at temperature 7. 

In order that an atom may diffuse onto a neigh- 
bouring vacant lattice site, it must possess a certain 
amount of energy in excess of its average to enable 
it to “‘squeeze’’ between the nearest neighbours 
barring its wav to the vacant site, or in other words, 
to surmount the potential barrier separating it from 
the vacant site. The probability that it possesses such 
an excess of enere’v is given by the Boltzmann factor; 
p is then the product of this and the number of times 
per second the atom is moving in the direction to- 
wards the vacant site, 1.e. v, its frequency of vibra- 


Now 


with temperature because of the 


tion on a lattice site the excess energy re- 


quired will vary 
thermal expansion of the lattice and the tempera- 
ture variation of its elastic properties. The energ\ 
in the Boltzmann factor must then be the change in 
10], when 


free energy, rather than in total energy 


an atom is moved from a normal lattice site to the 


top of the potential barrier separating it from the 


next and, in this case, vacant site. Denoting this 


free energy change by AF», we have 


— AF;/RI 


vy exp 


[his simple kinetic derivation of p, employing the 


correct form of the Boltzmann factor, is confirmed 


by a more rigorous derivation from reaction-rate 


theory {11 


From (4), (5), and (6) we find for D, 


D = exp [ — (AF: + AF) /RT 


there is associated a change in 


With AF 
entropy AS and of heat content or enthalpy A/7/, 


eal h 


AF; = AH; — TAS 


AS, and AH, are referred to as the entropy and 
heat of ac tivation respec tively, corresponding to the 


free energy of activation F,;. D may be rewritten 
D = va AS; + AS2)/R 
— (AH, + AH2)/RT). 


(d0AH 


exp 
| 

On account of the relation 7 - d(AS)/07 

a7, we find that 

0 log D 


1/7 


= AM, + AH;z, 
so that the experimental activation energy Q, which 


is defined by the left-hand side of (9), is 


(10 QO = AH, + AH». 


From (1) and (8) we find that for both face-centred 


cub and body-centred cubic lattices 
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(11 Dy = avexp [(AS; + AS2)/R]. 


The same expressions for Dy and Q are derived by 
Zener [6]. 

We have already mentioned that a direct cal- 
culation of Q has been made for copper and has 
shown fair agreement with experiment. A corres- 
ponding calculation of AS; and AS» has not been 
made for any metal and might indeed be difficult 
and lengthy. Instead, we shall seek a correlation 
between the various quantities occurring in the ex- 
pression for D (equation (8)) and those other physi- 
cal properties of the lattice to which we might ex- 
pect them to be most closely related. In this way 
we express D, and Q in terms of these latter quanti- 
ties and certain correlation coefficients. Comparison 
with experiment enables the correlation coefficients 
to be calculated separately for each of the metals 
for which D has been measured. 

If the same values of the constants appear for 
each metal then we may say that the experimental 
results are consistent, within the assumptions made, 
with the type of model assumed in deriving the ex- 
pressions for Dy and Q. 

AF,, being a change in free energy, is equal to the 
isothermal work required to move an atom from one 
lattice position to the top ol the potential barrier 
separating it from the next. Such a movement will 
produce a local shear strain in the lattice around the 
diffusing atom and we may equate AF» to the re- 
sulting elastic strain energy. If € represents the 
strain and if w is the appropriate shear modulus, 
then the elastic energy is 5ue? per unit volume. For 
geometrically similar lattices we shall assume the 
and thus 


the 


distortions to be geometrically similar 


localised in volumes proportional to atomic 
volume of the lattice in which they occur. ¢ is then 
the same for each metal of one structure and we 


therefore write 


(12 AF, = ko u(M/p 


where J is the atomic weight, p the density, and 
ke a correlation coefficient which is constant for any 
one structure type. 

Making use of the thermodynamic relation AS = 


— 0(AF)/dT we then have 


(13 AS» ko M p oT. 


The variation with temperature of the shear 
moduli of single crystals of metals, or of that part 
of the experimental shear moduli of polycrystalline 
metals which is associated only with lattice elasticity 


and does not contain a contribution from grain 
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boundary relaxation processes, is found to be quite The latter we can also write as 
closely linear [12]. Also, to a sufficient approxima- 
tion, p varies linearly with temperature. Thus we (20 
write 


D a eCXD AS 
(14) 0 = pot 7. 


where uw’ and p’ denote uw and p differented with Equations (19) and respectively « be used 
respect to temperature and yo and py are the values to calculate values of ko and k,. We note that (19 
of u and p, respectively, extrapolated to O°K from requires a knowledge of uy as well as of u’/u», whereas 
the temperature range in which we are interested. 20) requires only p’/; t is not immediately 
Since the second terms in (14) are small compared obvious exactly wha he appropriate modulus 
with the first, we obtain should be, but the { w’/po is lik to val 

: much less with choic: the torm of the modulus 
(15) AS. = — kz Vu (“ a than is w alone. For example, n isotropic solid 


po 


the shea modulus ung’ \lodulus 


and thus 


Poisson's ratio are rel ted by u 


16 AH. = k that neglecting the comparativels 
ture of o, /u /Eo, wher 
Both yw’ and p’ are negative and since y’/uy is’ a _E 3)u. We shall therefore fi 
generally appreciably greater numerically than ‘attention to equation (20) and employ 
'/ po, is essentially positive. This is an example culate / 
ol a general result of Zener [13] to the effect that We are in an ase limited in our choice 
with any lattice strain there is always assoc lated a u’ bv the dearth f experiment il measurem 
positive change ol entropy. the temperature Variation ol el ist propert 
Turning now to AF, let us write it as AF most extensive are those of Késter [14] on 
AH, — T AS. AH, is the change in internal enere’ perature variation of the Young’s modul 
on forming a vacancy, and we assume, as has often number of polycrystalline metals. In 
in the past been suggested, that this is proportional foregoing remarks we ull assume that 
to the latent heat of sublimation L, of the lattice. of E’/ Ey derived from his measureme! 
Thus we put idequate representation 
17 AH, = b, L.. wu’ wo. The low temperature 
| curves are used to calculate 
where &; is a correlation coefficient which we mav most closely true lattice 
expect will be constant for metals of one structure ibove 
The change in entropy AS; will arise because of! lo return now to AS 
the greater freedom of movement of the atoms _ tional frequency of the atoms 1 
neighbouring a vacant site, or to put it another way, — site, which is responsible for 
because of what will be their reduced average vibra- change A.S;, will also lead 
tional frequency.We see then that AS; also ispositive. elastic properties and we sl 
As Zener points out [6], the total entropy of activa- values of (u’ uy) i 
tion AS = AS; + AS», as determined from equation of uw and of (u’ /u 
(11) using experimental values of Dy from self bulk values. Now 
diffusion measurements on cubic metals, is in fact with increasing numerical 
always positive, in conformity with these predic tions creases with de reasing AS 
(see Table 1). calculation, given 
AS; is best discussed further in terms of the final AS; and the change in elastic properties loca 
expressions for Dy and Q. From equation (10), (11), so related that, if we ignore AS; and use in 
(15), (16), and (17) we find ulations the ordinary bulk values of (u’/ uo), the 
resulting values of &; will be unaffected. We assume 
(18) r Ro. is valid this considerable simplification and pt 
AS 0 in (20 
Values of a and L, are taken from tables and for 


ad vex} y we use the Debve Irequen Y. he results of the 


(0-2) 
(19) D, 
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calculation of k,; for all those cubic metals for which 


all the relevant data exist, are given in Table I. 


rABLE |] 


THE VALUES OF k 


Values of D for cobalt and y-iron are not included 
full 


not known 


because the necessary elasti properties are 


Che self-diffusion coefficient of tungsten 
has not been measured directly. The values given in 


lable 


it ver\ 


| refer to the diffusion rate in tungsten of iron 


~ 0.04 per cent which 


low concentration 


van Liempt [21] considers represents the self- 


diffusion coefficient of ti That this is in fact 


has not vet been justified so that the tungsten 


treated with reserve. 
Table I is 


values of &, for 


heures ire to be 
lhe 
ippret l 


lace-ce ntred ( 


significant feature ol the 


ible constancy of the the 


metals. (Using the mean value of 


0.215, values of w/uo, shown in_ brackets, 


cobalt and iron and these, 


For copper, k, 
is about 0.4 


be calculated for 
ippear lo be quite reasonable. 
the energy required to torm a vacancy 
the total activation energ\ ind may be compared 
of about 


ith Huntington and Seitz’s estimate [3 


0.6. In view of the many approximations in both 
methods of analysis, this discrepancy is not objec- 
that 
Nowick [27] has reported that the energy to form a 
50 per cent AgZn allov is about 0.4 


of the total activation energy for diffusion in the 


tionable. It is interesting in this connection 


vacancy in 


same alloy. 
It would appear then that the values of Dy for 


self-diffusion in the face-centred cubic metals are 


consistent with the supposition of a vacancy 


mechanism of diffusion. This is further confirmed 
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by the constancy found also for the values of k» 
which may be calculated from equation (18) using 
the now known mean value of . 


In calculating k» it is necessary to look more 


closely into the precise form of the “‘appropriate 
modulus” uw. Figure 1 shows the unit cell of a face- 
‘‘a”’ diffusing to a 


centred cubic lattice. An atom at 


nearest neighbour position at ‘“‘b’’ along the dotted 


centre of a rectangle formed by four nearest neigh- 


line joining ‘‘a’’ and must pass through the 
bours atoms, shown in the diagram by open circles. 


These atoms will in consequence be displaced along 


t 


directions lying in the plane of the rectangle and it 
is the elastic energev assor iated with these displac e- 
ments and the smaller displacements of outer-lying 
rhe 


movement of each displaced atom may be resolved 


atoms which is given by the term AF Iu p. 
into components | and 2 as shown in the figure. The 

related to the 
110) [110] shear 
for which the appropriate modulus is well-known to 
be 4(¢1, C12). Similarly, 
110 
shown that the appropriate modulus is ¢c4s. We there- 
that the 


movement in direction 2 is closely, 


atomic movements occurring in a 


movement in direction | 


is related to a shear 001] for which it mav be 


the simple assumption 


fore make ap- 


propriate modulus equals ¢4; + . In view 


of this approximation it is sufficient to use the room 


temperature values of u, thus dropping the dis- 


tinction between yu and pp». 


FABLE II 
[THE VALUES OF k 


\2 \ Ke a-Fe 
l 17 1s 19 -0 19 21 
D 
) 
4 15.9 3.0 16.5 67.9 67.0 59.7 142.0 
0.88 ) ) 0.53 0.37 0.37 0.37 0.14 
67. 88.7 79.75 11.0 85.0 11.0 14.0 
0.214 0.217 0.2 0.228 0.085 0.180 
a 
R.M.S. error 4 
wet - 
| 
kcal KCal gm/cn 
mol mol kcal/cm 
Pb 27 .4 9 207 11.3 £33 0.221 
ee Ag 15.9 14.5 | 108 10.5 14.00 0.218 
Au 53.0 19.1 197 19.3 13.51 0.245 
65 | 171 | 63.5| 8.9 23.55 | 0.176 
Average k2 = 0.215; R.M-S. error 11.5" 
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lhe values of ky are given in Table II. Attempts 
were made to refine the expression for u by looking 
more caretully into the motion of the open circle 
atoms in Figure 1 relative to their neighbours 
These led to expressions for « more complicated than 
the simple sum of the two shear moduli cy, and 
+ (Cit — Ci2), but the values of ke resulting were not so 
appreciably more constant than in Table II as to 
warrant any further discussion of them. 


and k, for all 
that 


The approximate constancy of k» 


the face-centred cubic metals indicates the 


observed values of Dy and Q are quite consistent 
with the supposition ol a mechanism of 


that 


Vacancy 


diffusion. But we note for the body-centred 
cubic metals a-iron and tungsten, the values of R 
are not only far trom constant but also both nega 
tive. A negative value of k; is quite meaningless so 
we are led to suspect that in these metals some dil- 
fusion mechanism other than by vacancies is operat- 
that the experimental 
The case of 


tungsten we have already mentioned and the values 


ing. It may of course be 


values of Dy and Q are unreliable. 


used for a-iron, which differ very considerably from 


earlier measurements, have yet to be confirmed. 


However, we proceed to examine the possibility of 


the other mechanisms of diffusion tor a-iron and 


tungsten, at the same time demonstrating that th 


experimental measurements for the face-centred 


cubic metals are not consistent with these othe 


mechanisms. 


(b) Self-diffusion by a Ring Diffusion Mechanism 


“Ring diffusion’’ occurs by the synchronous rota 


tion of a number r of atoms lving in a ring, each 


being the nearest neighbour of the one before and 


the one after it. The simplest case of r = 2 is the 
familiar exchange process. 
The number of jumps made per second by any 


one atom is then 
(21) 
where z is the coordination number, representing the 
number of possible positions to which an atom may 
migrate by rotation of a ring, and NV, is the number 
of distinct rings, each of r atoms, whose rotation can 
effect a migration of the atom in any one direction. 
b’ is the probability that in unit time a particular 
ring rotates, by an angular distance (1/7)27, so as to 
neighbour 
the 


move each atom into the next nearest 


position. p’ may be derived in exactly same 
manner as before, to give 


vexp (— AF’ 


THI 
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the free energy change, or the mini- 


AF’. is 


mum isothermal work done, in rotating a ring from 


now 


one equilibrium position to the top of the potential 
barrier separating it from the next. v is the frequency 
of vibration of the four atoms as a ring. For r small, 
this may not differ much from the Debye frequency, 
un tor 


the value of which we shall use 


dy 
22) we find for ring diffusion 


Krom (2), (21), and 


in both body-centred cubic and face-centred cubic 


lattices 


23 D 


V ¢ Xp 
AF’. to 
issociated with the rotation of 
that AF’ k’ Vu p we 


the shear strain energ’ 
saddle 
find, 


It we igain equat 
a ring to the 
point, so readil 


that 


Thus 


IH R log \ 


R log 


If then diffusion oc vy a ring mechanism we 
find 
ring opel iting, by 
of Dy and Q in (26 he 


of N, are Table II] 


may and hence information on the tr 


Inserting 


the « xperiment il 
results of the calct 


clven in 


TABLE III 


lhe striking feature of 


distinction between the behaviout 


centred cubic and body-centred cubi 


experiment il values of Dy») and — for the 


cubic metals are clearly quite inconsistent with « 


ring mechanism of diffusion, for their values of ‘ 


apart from not being even roughly equal as they 


all small 


Che 


tals ire 


should be for a common mechanism, aré 


fractions, and a fractional V, is meaningless 


values of NV, for the body-centred cubi 


larger by an order of magnitude, and are roughly 


equal and both greater than one. kor a 2-ring pro- 
\ | and for the next higher value of 7 a 


$34) to 


cess 


\ 6. kor example, lor a ition trom 


OOO 


there are two distinct rings lving on each of 


24 AH’ || p 
ind 
2)) AS AS () R log 
p Vas 
D rv p 
L. 
953 | 
metals. The 
(22 


444 


the planes (101), (011), and (110). The experimental 


values of V, lie roughly midway between these two 
theoretically possible values so that while we may 
sav the experimental results are consistent with a ring 
mechanism it is not possible, most probably because 
of the crudity of the theorv, to decide on these 
grounds alone on the ty pe ol ring. Considerations of 
QO alone would most likely favour a 4-ring mechanism. 

The values of k's for a-iron and tungsten calcu- 
lated from equation (24) are also given in Table II 


and are seen to agree quite closely, as is required. 


Self-diffusion by an Interstitial Mechanism 


Although an interstitial mechanism appears to be 
most improbable from consideration of Q alone, it 
is interesting to find confirmation of this conclusion 
through the present methods. 

We suppose that each atom has a certain probabi- 
litv 8 of occupying an interstitial position and that 
diffusion is effected by the migration of atoms so 
placed from one interstitial position to another. 


is then given by 


\aé ) 


where p” is the probability that in unit time an 


atom migrates from one position to another, and z 


is the number of nearest neighbour interstitial 


positions to which an interstitial atom may diffuse. 


For a face-centred cubic lattice z = 12, and for a 


bodv-centred cubic lattice z = 4. 
It is readily shown that 


3 exp ( 


for body-centred cubic lattices, and 


(29 = exp ( - F"",/R1 


for face-centred cubic lattices. 
AF’’, is the free energy increment associated with 


Che 


arises because, although the total number of inter- 


an atom in an interstitial position. factor 3 


stitial positions in the face-centred cubic case is 
equal to that of normal lattice positions, in the body " 
centred cubic case it is three times the latter number. 


) (IR 


From equations (2), (27 , and (29), we find, 


employing an expression for p’’ analogous to 


that D is given by 


AF”, AF”. 


equation (22 


30) D = va’ exp [( RT)| 
AF"”.)/RT)| 


31) D = exp [| AF”; 


(b.« 


is the free energy of activation for the inter- 


AF” 
stitial diffusion process. 
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\s before, AF” 


strain energy around 


may be equated to the lattice 
a diffusing atom when at the 
top ol the potential barrier. But also in this case 
may be 
namely that associated with the strain around an 


equated to a lattice strain energy, 


atom occupying an interstitial site. We may write 
each as proportional to My p, with proportionality 
and k” 


constants k”’ | respectively, and so find 


eventually that 


AH” = k" Muo/p 


A Ss’ 


hese expressions are, in form, identical with 


those obtained for the ring diffusion mechanism. 


hus from equation (30 


and (31) it is clear that an 
interstitial mechanism would be indicated had JN, in 
lable II] appeared as equal to 1 for each of the face 
centred cubic metals and 0.5 for each of the body- 
centred cubic metals. Such requirements are clearly 
verv much further from being fulfilled than are those 
for the vacancy mechanism in face-centred cubi 
metals or the ring mechanism in body-centred cub 


metals, which we have already considered. 


3. Discussion 
The results obtained provide a confirmation that 
in face-centred cubic metals self-diffusion occurs by 


a vacancy mechanism, and in body-centred cubic 


metals by a ring mechanism. The equations de 
veloped for Dy and Q, together with the mean values 
of the constants ki, ke, etc. that they contain, 
derived by comparison with existing measured values 
of Dy and Q, may also be used to provide estimates of 
Dy and Q tor metals whose self-diffusion coefficients 
have not vet been measured. 

(19), using the 


find 


and 
0.215 and ko = 


Thus from equations (18 
mean values of k; = 0.215, we 


that for aluminium 
0.72 exp ( 12,600/ RT) cm /sec., 


and similarly for molybdenum, using NV, 


and k’» = 0.210, we find 


D= 120,000 /RT) ‘sec. 


16 exp:{ — 


By making further approximation in the analysis 
some of the relations we have derived may be re- 
duced to simpler forms, some of which have already 
appeared in the literature. For example, Johnson 
[16] some time ago pointed out that the QO for many 


metals were roughly proportional to their latent 


and 
= 
= 2.65 
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heats of sublimation L. The values of QL are shown 
in Table IV and all lie quite close to a mean value 
of 0.66. Inserting the values L = Q, 0.66 and k 

0.215 in equation (20) (with AS; = 0 


the face-centred cubic metals, 


(32) Do =avexp| — 0.67 Q (4 ) f 
4 


his may be compared with the corresponding ex- 


we find, tor 


pression for body-centred cubic metals 


o( f )/R 

If further we choose to ignore p’/p 


(20 


calculate the several values of k), we 


(33) Do = 2.65 av exp 
in equation 
as being small compared with y’/uo, and re 


find a mean 


PABLE I\ 


Ratios O/ Ty, Q/Ls AND Ty ( 


value of ky = .273 (the separate values of k; are 
more scattered about the mean in this case), and in 


place of (32) obtain 


>] 


(34) Do = a’ vexp | 0.57 QO 


[his is exactly the result obtained by Zener, al 
though he gives no clear indication of the signifi 
cance of the numerical term. 

The observed relation between Q and L 
(34) 


simple or direct relation to the diffusion mechanism, 


upon 


which (32) and are based, can have no such 


as have the correlations employed in equations (18 
and (19). One might expect it to lead to values for 
AS of O(L’/Lo) which are very much less than the 


observed values, L’/Z,y being very much less than 


/ Mo- 
The ratio 7/7y, has frequently been suggested as 


a “reduced temperature’ for the discussion of 


elastic properties. Accordingly, we find that the 


product Ty, (u’/uo — p’/po) is very roughly constant 


and of mean value — 0.33. Substituting in equation 


32) (face-centred cubic metals) we obtain 


(35) log (Do /a v) 0.22 Q RI 


This is very similar to a relation obtained bi 


THEORY OF D 145 


Dienes |22], although his actual equation may only 


be obtained in a rather artificial manner. Rewriting 


Q/RTy — 0.78 O/RT y 


we make use ol the fact, also noted by Johnson 16], 


that the ratio Q/ 7 is roughly constant and of mean 


value 39. Substituting in the second term only of 


36) we obtain 


37 log (Do O/RT 15.5, 


which does not differ significantly from Dienes 


relation 

When 
Dy /a*v 
O/ 


ibout the straight line of slope 0.22 passing through 


the selected experimental values of log 


lable are 


very little better disposed 


employed in plotted against 


the points are 


the origin (equation 35) than they are about th 


line of slope | intercepting the log (Dy, /a*v) axis at 


[as (equation 37), so very considerable are the 


ipproximations in both these equations. An im 


portant feature of (37) however is that if the ex 


perimental values of Dy and Q differ even by large 
from the 


that the 


true lattice values, 


errors A log D 


amounts then pro 


vided only and AQ are 


related by 


A log (Do /av 
and R7 


will continue to be near the line of equation (37 


the experimental values of log (D)/a*v 


Errors in determining the true lattice diffusion 


coefficient will arise if there is any appreciable grain 


boundary contribution to the total observed dif 


fusion flow. Furthermore, phenomena associated 
with the Kirkendall effect in chemical diffusion may 
also lead to values of D which difier from those for 
absence of the disturbing 


We may 


that in each such case experimental values of D are 


lattice diffusion in the 


features associated with this effect assume 


more likely to represent true lattice diffusion be 


haviour the higher the temperature (they certainly 


do so at or near the melting point), while they 


depart more from the la value the lower the 
line drawn through the 


T for both high 


which 


temperature. The straight 


experimental values of log D and | 


and low temperature measurements rom 


the values of ¢) and D,» are deduced), may be re 


carded as having been obtained from the corres 


ponding true straight line by a rotation about the 


point where it passes through the melting point. If 


such l in fact the case, then the errors 1n D and 


O will be related by equation 3S 


Now Dienes found by an empirical analysis of 


36) log (Do = 
\g 1234 37.2 0.679 0.378 
Au 133¢ 39.7 0.597 0.244 
Cu 1357 34.3 0.583 0. 288 
753 | 38.2 | 0.788 
ac 
53 Mea Mea Me 
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experimental results that equation (37) was roughly 
obeyed by the values of Dy and Q derived from 
nearly every self-diffusion coefficient made, as well 
as by those from a large number of dilute solution 
(The 


might expect to be roughly covered by equation (20 


chemical diffusion measurements. latter we 
or (35) and any departure there from to be certainly 
masked by the approximation in (37 The large 
range of values of Dy considered by Dienes, includ- 
ing many which correspond to negative values of 
AS, is so very much larger than the departures of 
individual values of D» from the line of equation (37) 
that those latter seem relatively insignificant com- 
pared with the general trend expressed by equation 


(37) 


The remarkable agreement found by Dienes 


between the experimental results and equation (37) 
does not then necessarily mean that this equation 


is a true representation of lattice behaviour. It is 


suspect on account of the negative values of AS 


which it allows, values which are inadmissible if the 
present theory of Dy is at all valid. But more impor- 
tant, it may be only a demonstration that many 
measurements of Dy and Q are in error, and that the 
errors are related at least approximately by equation 
(38). Undue significance is not then to be ascribed 


to Dienes’ result in the absence of more caretul 
experimental results 
Zener {6}, 


both make use of the approximate equation (34) for 


and to a greater extent Nowick [23], 
discussing the diffusion coefficient of the solute in 
dilute alloys, assuming for u’/uo the value approp- 
riate to the pure solvent. However, in the present 
state of our knowledge of vacancy diffusion in alloys, 
it is difficult to see to what extent this use of (34) is 
justified. 

kor example, any considerable correlation be- 
tween successive moves of a solute atom will modify 
equation (4), upon which all other expressions for 
D and Dy depend. Zener has analysed the case 
where diffusion occurs by the Johnson [24] “solute 
atom—vacancy molecule’? mechanism, and maintains 


But 


possibility. If vacancies, distributed at random in the 


that (4) is unaffected. this is not the only 


lattice, exchange much more readily with solute 


than with solvent atoms, then as Johnson himself 


showed, D for solute atoms is given by (4) multiplied 
by a factor of the order z. Johnson rejected this 
mechanism on the grounds that Q for solute diffusion 


appeared always to be less than Q for self-diffusion 


of the solvent, but recent experiments [25] in ex 


tremely dilute solution show that this inequality 


may not be universally valid. It may only be a 
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consequence of Iirkendall effects, significant even 
in quite dilute solid solution, producing abnormally 
low values of Dy and Q. These effects are only absent 
at the extremely low concentrations employed in the 
experiments referred to. 

(20) 


to know 


Furthermore, returning to equation from 


which (34) is derived, it is difficult what 


value of L, to employ for an alloy. The choice will 
depend upon a more detailed knowledge of the 
mechanism of formation of vacancies in alloys than 
we possess at present and will influence the constant 
term in the exponential of (34), even if a correspond- 
ing proportionality between Q and L, exists in this 
case, so that an equation of the same form as (34 
may be derived. 

Finally, it does not seem justifiable to use the 
solvent value of the elastic properties in (34), tor 
the local elastic properties near a solute atom will 
the bulk 


although this itself may not depart greatly from the 


differ markedly from average value, 


solvent value. 


Appendix I 


It does not seem possible without elaborate 


calculation fully to justify the assumption made on 
p. 441, that the value of k; is unaffected if we put 
AS; = 0 and then employ the bulk 


the the 


values rather 


than local values of elastic properties. 


Rough values of AS; can, however, be estimated on 
the basis of the same assumption and shown to be 
of the order of magnitude as independent 
estimates of A.S}. 


If the assumption is to be valid, then we must have 


same 


AS; 


where the asterisk refers to the normal bulk values, 


OA k 


= (O — 
A 1 kyl al 


(la) 


Now the free energy change AF; on forming a 


vacancy is 


AH, + log 


AF; = 


* is the vibrational frequency of an atom ina 


where v 
normal lattice position and v is the reduced frequency 
of vibration in the radial direction of each of the z 
neighbours of a he change in entropy 


AS; is given by 


vacancy. 


(0 - kil (4 
Ho Po 
-2), 
p 
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Kenzie 26| has studie he effect of sphe ri 


holes in a solid on the bulk elastic properties of t 


But also AS; we must solid. Since the characteristic frequency of a solic 


have determined by its elastic properties, the change 


entropy AS; isioned by the presence vacan 


= — log may be estimated. The result i. calculation 


a1 AS; by this method give AS al /mol /deg 
The frequency of vibration in one direction is related 
to the modulus for shear in that direction by 
vy ~ yp’. Thus A log vy = 4A log uw. Remembering that References 
AH, = we obtain 1, Le CLarri 
307—380. 
OL OA log u 2. ZENER, 
aT = — a7 3. HUNTINGTON, 
1942) 315-25, 32 
and therefore Le CLAIRE, 
265-332 
(OQ — kil 2k; OL : PANETH. H. R *hvs. R 1950) 7O8 
zRT ZENER, ( ppl. PI 1951) 37 
Le CLAIRE, lag., 42 (1951) 673-88 
Rough values of 0L,/0T are available and for BARDEED and RING, ( 


AS; 


each of the face-centred cubic metals (2 12 Seminar of th mer. So tals, 1951 
give AS;~+ 1 cal/mol/deg., since 0L,/dT is Mort, N. F. 1 GURNEY, Kk Elect 
always negative. The necessary conditions that AS, in Ionic Crystal hap. : 
should be positive and less than the experimental 
total entropy of activation AS, are therefore satisfied, ERT hvs. Rev.. 79 (1950) 601-5 
and our initial assumption justified at least to this 
extent. 

An independent estimate of AS; may be obtained 
by supposing that, when a vacancy is formed, the 
volume previously occupied by 13 atoms is now 
available for 12 atoms (for face-centred cubi 
lattices where z 12). If V is the volume per atom 
there is then a change in log V of log (13 


Sut the vibration lrequen¢ v v is related to by 


| 


0 log V 


where y = Gruneisan’s constant, so that we find 


for AS;, using equation (2a 


NOWICK 


This leads to values for AS; of ~ 4-5 cal/mol, deg 


These are a little larger than the previous estimate, 


\ 
JOHNSON, R 
\ 


5. MARTIN, 
but the results are sufficiently close to constitute at an 


least an order of magnitude justification for our 96 McKenzu 


initial assumption. 97. Nowick, A 
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THERMODYNAMIC ACTIVITIES IN IRON-NICKEL ALLOYS* 


R. A. ORIANI} 


illovs was studied in ntial apparatus by equilibrating 
the allovs. Errors due to thermal diffusion a 


the variation of the 


| ron and ovel re 

this design, and the measured activity of iron is corrected for 
tite with 
In the iron-rich face-centered cubi 

ire generally only slightly smaller than unity, the entropies of mixing 


ilues, and the heats of mixing are small positive numbers. 


t gas composition. Formation of magnetite prevents the investigation 
rly 


alloys the solid solution is very nearly 


LES ACTIVITES THERMODYNAMIQUES DANS DES ALLIAGES FER-NICKEL 


s les alliages fer-nicke | 
1,0 /H iu-dessus du fer pur et au dessus des alli: Dans ce 
ision thermique sont réduites au minimum et I’activité mesure 


ité de la wiistite avec 


I appareil différe tiel en équilibrant 


a été étudiée dans 


rda 


la variation de la « yM position 


magnetite empéche linvesti es riche 
ture ¢ ibique a faces ce lid 
général, légerement p! 


p sitives 


RMODYNAMISCHE AKTIVITATEN IN EISEN-NICKEL LEGIERUNGEN 
Eisen-Nickel Legierungen wurde mit Hilfe einer differenziellen Apparat 
hgewichtsdaten von HO Gasmischungen tiber reinem Eisen 

wurde. Die auf Grund der thermischen Diffusio iftret 
Ing klei gehalter ind dic \ktivitat ce | isens W ird 
des Wiistits mit der ihn umgebenden Gasatmosphiare korrigiert 
ist es nicht mdoglich, die lreiche Leg rungen Zu rs 
triert-k ibis hen Legier In n ist die fe L sung bei 1ah | 
ilgemeinen nur wenig ] ns, die Mischungs¢ 


idealen Werte, und die Mischur o il 1 sind kleine, positive 


Che allovs of iron and nickel are of interest not the other contains the iron-nickel alloy under 


investigation, and each subsystem has its own vessel 


also because they apparently form nearly ideal solid f liquid water maintained at O% \n absolute 


manometer measures the pressure of hydrogen over 


only because of their commercial importance but 


solutions in the iron-rich concentration range and 
the pure iron sample; the water vapor pressure in 


Since ideality in solid solutions is a great rarity, it is that subsystem is exactly cancelled by the pressure 


exhibit a superlattice about the FeNi composition. 
of interest to establish in detail the degree of 
approat h to that condition, as well as the eradation 
trom near ideality to the conditions characteristic of 


configurational order. 


Experimental Details 


Because the galvanic cell method cannot be used 
to study the activity of iron in iron-nickel allovs, the 
more difficult technique of gas equilibration was 


idopted. he reaction emploved Was 


+ = FeO,,) + H 
ABSOLUTE 
and is the same one used by Kubaschewski and rr 


Goldbeck [1]. The present apparatus (Figure 1) is 
differential in character, having two complete 


subsystems connected through a differential mano- 


meter and coupled to the same vacuum line. One’ of O0°C water in the manometer bulb. Each sub- 


subsystem contains pure iron in its reaction vessel, system provides for closed-loop circulation which is 


aided by magnetically driven impellers. 
‘Received March 18, 1953. oP [he success of this kind of experiment depends toa 
TGeneral Electric Research Laboratory, The K 


Schenectady, New York, U.S.A large extent on avoiding the accumulation of any 
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erreurs dues A la diff du fer est 
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FiGURE 1. Differential equilibratio ipparatus 
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gases other than water and hydrogen. In order to 
avoid loss of hydrogen through the walls of the 
reaction chambers, heat-stabilized mullite* was used 
in preference to silica. The mullite tubes were freed 
of occluded gases prior to use by heating in a 
vacuum at 1200°C until no further gas evolution was 
observed. The alloys were made of carbonyl! nickel 
and decarburized electrolytic iron, melted under 
induction heating. 
1150°C for 


days in quartz ampoules sealed under argon. They 


vacuum in silica crucibles by 


The alloys were homogenized at ten 


were then rolled to strip or drawn to wire and 


thoroughly cleaned prior to placing within the 


mullite tube. The water in the reservoirs of the two 
subsystems and in the reference ampoule of the 
absolute manometer was thoroughly degassed by 
repeated alternate freezing and melting unde 
vacuum until the vapor pressure of the water at 0° 
£58 mm. Hg 


were filled with Octoil-S under vacuum; the oil was 


was a constant 3]. The manometers 


degassed prior to the filling operation by « ausing the 


oil to flow in a very thin film along the inside 


surtace of a large glass bulb while a sticking vacuum 
was maintained. The density of the Octoil-S was 
measured at three temperatures within 10°C about 
the average room temperature. 

The manometers were read by means of a cat 
Che 


controlled 


meter with a precision of 0.01 cm. furnace 


emploved was  nichrome-wound and 
within 5°C by a Brown Pyrometer Controller. The 
temperature was measured by means of a chromel- 
alumel thermocouple placed in contact with the two 


The 
the 


mullite tubes within the furnace. calibration of 


the thermocouple was checked at aluminum 
point by Mr. W. K. 
the 


estimated as 5°C 


Murphy. The uncertainty in 


temperature measurements in this work is 


In carrying out an experiment, the reservoir 


waters were frozen and kept at dry-ice temperature 


while the metal samples were introduced; the 


apparatus was then evacuated. As the furnace 
temperature was raised, the apparatus was checked 
for vacuum tightness. The reservoir waters were 
then warmed and maintained at 0°C within a large 
filled Phe 


reaction was followed for several days at constant 


dewar with cracked ice and water. 


temperature until constancy of manometer readings 


was assured, whereupon the furnace temperature 


was increased or decreased, the choice being usually, 


*Measurements by Dr. F. Norton [2] of this Laboratory 
show that at 665°C the permeability of silica to H 
x 


is abo it 
’ and that of mullite is 1.8 K 107-" cm’ (at N.T.P 
cm?/mm/cm. Hg/sec. 
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made at random. Two experimental criteria were 


employed to judge whether or not irtifact 


vitiated any one determination; constancy with 


time of the pressures over both metals, and linearity 
of the plot ol log of the pressure over the pure iron 
Figure 2). After 


the runs the allovs were analyzed both for 


against rec ipro al temperature (see 


Iron and 


for nickel, the pre ision being within 0.2 per cent. 


Because oxidation § rate ita for iron-nickel 


alloys would be of interest in connection with 


testing the pertinent theories ol oxidation, an 


was made to obtain such information in- 


attempt 


cidentally to the main purpose of the present stu 


The results of such efforts are shown in | 


and 34, and indicate that since the rates of reacti 


were independent of temperature, both for the pure 


iron and for the alloy, it must be concluded that the 


controlling process in our apparatus is the transport 
ol water vapor trom the reservoirs to the fu 


However, the relatively high values of diffusivity of 
H.O through H 


t] point to the vaporization from the wate rlace 


measured by Schwertz 


as the limiting factor, particularly sin leat 


transfer to the free surtace reatly 


impede ad 


absence of convection cut 


Experimental Results 


Assuming that only the iron in the allovs oxidize 


composition is formed on 
that the therm 


vapor phase is negligible 


in the mixture, that wiistite 


both the pure 1ron 


the alloys, and il diffusion 


then at equ 


K(7 Feo 


H,0) 
where AK (7 
ture 7 


a is the thermodynamic activity: 


is the equilibrium constant at tempera 
for reaction 1), p is the observed pressure, 


superscripts ° and 


refer to the pure iron and the alloy subsystems 


respec tively. Since by hy pothesis 


| 
af" 
il 
a4 FY: 38 34 98 4 € 
e | re ro reciproca iDs e Te perature 
ar 
153 res 3 
nd 
ado 
{ 
erte 
H,0 


$50 


and by design p°4,0 = f'n.o, the activity of iron in 
the alloy can at once be computed from the read- 
ings of the two manometers, 


* 


P H, 


Ap 


= |] 


* 
a Fe Fe 
P Hs 


where Ap is the reading of the differential mano- 
meter. 
The assumption that NiO does not form is given 


credence by the results of Hickmann and Gulbransen 


[5] on oxidation of iron alloys with nickel contents 


1 over pure 


869°C; + 903°C. 


ate ol production of hydrogen over Fe-Ni 


0.930. 869°C: + 903°C. 


as high as 80 per cent. Furthermore, examination by 
X-ray diffraction (by Mrs. Decker of this 
of the oxide formed on an alloy of 


3eulah 
Laboratory 
10 per cent Ni failed to reveal the presence of NiO; 
an electron diffraction study of the oxide on an 
alloy of xy. = 0.441 (by Miss E. 
this Laboratory) also failed to show the presence of 
NiO. However, the 
of Fe,;O,4 on this alloy, and explained the anomal- 


Alessandrini of 


this study proved presence 


ously high values obtained for this composition. 


The data are entered in Table I. The formation of 


1 METALLURGICA, 


VOL. 


rABLE I 


IDENTIFICATION OF FesO4 ON ALLOY OF xpe = 0.441 


Observed spacings (A labulated spacings from Fe;O,4 (A 


72 
61 
1S 
279 
092 
0.962 0. 966 


0.830 0.825 


the higher oxide destroys the differential feature of 
the present apparatus. On the other hand, our data 
cannot be combined with literature data on the free 
energy of formation of Fe;O, in order to evaluate the 
activity of iron in the alloy because the literature 
data [6] would predict that the alloy of xp. = 0.441 
ought not to form Fe;O,4 at 827°C 
= 4FeO, 
- 3196 cal. at 827°C 

Hence, 

3196 + 


0.441)? = 1790 


- 1406 cal. 


AG AG R7 In 


[The AG® for the above reaction must be calculated 
by subtraction of the AG® for 3Fe(y) + 202 = Fe,O, 
the AG°® 20) tFeO, so that 


the error in the difference may be large. It is interest- 


from for 4Fe(y) + 


ing to note that at 627°C, the same literature data 
vield AG® = 0 for reaction (3 
0.441 so that lower temperatures favor the formation 


for the alloy xp. = 


of magnetite. This temperature ¢ oefficient probably 
explains our observation that if the alloy of xp, = 
0.441 was maintained at temperatures higher than 
850°C, the pressure of hydrogen reached a steady 
value which yielded a reasonable value of a*». for 
the alloy. However, when the alloy was cooled to a 
lower temperature, the /’y, rose to anomalously 
the temperature 


values which 


high persisted if 
were subsequently increased. This is the reason why 
only one high-temperature value is listed in Table I 
for this high-nickel alloy; it represents a measure- 
ment of dubious value upon a metastable system, and 
the temperature variation could not be obtained. 
The measurements therefore had to be discontinued 
at Xp. = 0.441, despite the interest attaching to 
alloys near the FeNi; composition. 

Emmet and Schulz [7] discuss the serious error 
measurements on_ static 


introduced in systems 


2.062 2.10 
8 
2 
> 30 40 7C 8 9 
FiGuRE 3a. Rate of production of hydrogerguummmgmme iron VOl 
77°C; @ 835°C; 360°C; 0 
195 
f 
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TABLE II 


EXPERIMENTAL RESULTS 


0. 96S 0.950 
965 946 


961 945 


919 
921 

910 
905 


OSU 
660 


6545S 


S40 


*re is the uncorrected qui 
a*pe is the activity of 
for the non-unity activity 
Yre is the activity of Fe 
when the effect of thermal diffusion is neglected. 
In the present apparatus, the differential character 
of the measurement would be expected greatly to 
the Goldbeck 


1| have derived the relation 


diminish error. Kubaschewski and 


Pu.o 


Hs Ts 


= 1.035 log 


log 


— T; 


from the experimental data of Shibata and Kitagawa 
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8] for thermal diffusion in H2O/H» vapors between 


the higher temperature 7» and the lower 


ture 


tempel! 


Using this equation one finds that if the ; 


impellers were not at all effective in overcoming the 
+. = 0.60 


would he a 


effect of thermal diffusion, the error in a 


) 


equation 
LO20"¢ 


as computed by positive 


one of 0.8 per cent at 


Chis error would 


decrease for lower temperatures and for values of 


a*». nearer unity. Furthermore, that the stirrers are 


partially effective in overcoming the effect of thermal 
WE. 


the pressure 


diffusion is shown by the slope of the In 


of Figure 2 in which the . iS 


hydrogen over the pure iron as measured by thi 


il ; 


manometel! density corrected to that 
which is at 
2.14 XK 10 
10° obtained from the combined data of Emmet 
Schulz |9 \ustin 


1 
noweve!l 


room temperature Che present slope 


; to be compared with the value of 1.93 


ind ol 
of about 11 per cent 


diffusion were not at all counteracted, the 


would be in the same direction and 40 


Hence, it may be concluded that the error n a* 


due to residual thermal diffusion in both subsystems 


is certainly less than 0.4 


rhe 


the same composition 


1 
issumption tna 


is does the wiist 


correct, 


since 


ovel the illoy 


he « ompositio! ot t 


H.O/H 


fixes the 


the wiistite 
Darken and Gi 


ilculati 


tion the « 


that corresponds 


the alloy he activi 


0.97 to 0.985. reterred 


n contact with Ire 
tures [hese numbers 


values tabulated in 


and graphed in Figure 


ictivity of iron in 


the reference st 


ol pure Iron a 


temperatures 


1 


Since the structure of the alloys in tl mperature 


investigated is that of y-iron, the supercooled 


y e would be a more relevant reterence state fot 


the activitv of Fe in the allovs. The values of 


a*~e were reduced to a’p,. by the use of the data for 


the temperature dependence of the free energy 


difference between n collated by 


Fe 0.930 
746 9] 
777 952 936 9] 
839 932 91 | 
R37 936 9] 
S69 926 90, 
R9] G29 OD. 
903 920 00 I 
©! 
0.854 a7" 
‘ 
700 RR9 S70 
744 S70 R55 $2 
787 R65 R50 
824 847 833 82, nd 
837 849 R34 82 rit 
he « ect OF nal 
0 808 jisparit 
Fe | 
749 842 824 SO 
S39 821 796 79 
per cent 
114 isv 422 1 
~ i600 146 io 
5 3 836 748 729 on the pure iron cannot be quit 
872 738 721 71 COMpositiol it equilibrium 
0.598 : MEE. ratio in the gas phase, and th 
Fe 
657 692 675 62 latter determines the ompositio! tivil “al 
700 a 662 62 that llo Che data in the paper D 
879 620 on of the activity of the wiis 
© the observed H.O H ove! 
15 13 13 
rol t correspond Oo pel 
Rs the third column of Table II, 
lov with respect t Fe as 
Hee ate, since tl is the allotropic torm 
Pu, 7 
— 0.21 X 10 


AC] MET 


152 
12). tabulated in 


ol 


Che 
I]. 


Fisher are 


column 


Fe 


930 


omy 
~ 


o_ 854 


808 


640 680 720 760 800 840 880 920 
TEMPERATURE, °C 


Discussion of Results 


These data have been used to calculate 


deviation at 840°C from ideality of 


the fourth 
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In these equations, AG is the partial molar 


excess tree of solution ol 


AS 


ol 2; 


energy component 2, 
is the partial molar excess entropy of solution 
AG”, AS 


total free energy, entropy, and enthalpy of solution 


and AH are the corresponding 


in excess over the ideal values. R is the gas constant, 
a = A’ype, Ay; is the activity of nickel in the alloy; 
x = Xpe and y is the atom fraction of nickel in the 
alloy. In carrying out the graphical integration in 
0.441 was included; 
the 


0 (the region which is experimentally inacces- 


equation (6) the point at ye. 


furthermore, in extrapolating integrand to 
= 
sible) the assumption was made that the sign of the 
AG; would remain negative from xp. = 0.441 to 0. 
This is compatible with the normal expectation of 
short-range order in the region of the phase diagram 
above and about a superlattice structure. Unfor- 
tunately, this extrapolation (see Figure 5) supplies 


1000r 


the 


the y-Fe-Ni 


solid solutions, by using the relevant thermodynamic 


equations in the following form [13 


AG re AG (ideal 


AGx AGx (ideal 


(l—x 


— ASx, (ideal 


AS; e dx 
Jo (1 — x) 


AS” = xASre + y ASyi , 


AH = AG + TAS 


ace 
n adn; = 
RI 


“+ In y. 


FIGURE 5. Curve for the graphical integration of equation (6). 
the chief contribution to the integral in the range 
from Xe = 0.441 to 0.721, so that the course of the 
curve of dy; VS. Xpe of Figure 6 is relatively poorly 
known in that composition range. The integrand in 
equation (9) must be extrapolated even farther 
since there is no point at xp. = 0.441, but the shape 
of the curve is such that the extrapolated section 
contributes relatively less to the integral of equation 
(9) than does the corresponding extrapolation of 
Figure 5 to equation (6). For these reasons more 
reliance may be placed on the derived data corres- 
ponding to the alloy s of higher iron content than on 


those of lower we 


. 
| 
96 x 
‘a 
921 
88} 
84} 
a 
Fe 
80 
76} 
72h 
68+ 
64} 
8 
6 
FIGUI tf. Activit of Fe } Fe-N illovs relative to O 
Ok 
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-1000r 
-2000+ 
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rABLE III 


CALCULATED THERMODYNAMK 


‘Fe 


0.930 0.91, 
0.854 0.82. 
0.808 0.79; 
0.721 0.729 
0.598 0.61, 
0.441 (0.43) 


*Units of free energy and enthalpy quantities are cal/mol 


The present results (Table III) agree qualitatively can be divided into two portions, the configurational 
with those of Kubaschewski and Goldbeck [1| in and the thermal [14]; thus, 
that the deviations of all the thermodynami AS AS 


quantities from those corresponding to an ideal = AST + 


solution are very small. Because the quantities ol 
Table [Il are excess molar quantities of very small Uhe configurational terms refer to the mixing 
magnitude the relative uncertainties are large. Process at K; the (configurational will be 
Nevertheless, the trends appear significant. The smaller than the ideal value if the configuratior 

represents any deviation from pertect 1 indomness, 


ind the AH (configurational) can be expressed, 


according to the usual nearest neighbor ipproxima 


tion [15], by > (€11 + €22)], where ms 


is the number of nearest neighbor pairs Ot atoms O! 
lissimilar species, and the e;, are pairwise interaction 
energies between nearest neighbors of kind 

lhe quantities may be approximated by 


AS(thermal AC. 


AH (thermal AC. 


where AC, 1S the ( hange in he it Capacity associated 
with the reat tion 


7 


Hence, a very small, positive value of AC, is sufti 


1 


lent to explain the slight larger than ideal, meas 


ured entropy and heat of mixing. However, the 


Ficure 6. Activities of Fe and of Ni in iron-nickel allo 
840°C alorimetric measurements of Zuithoff [16 


indicate 
1 very small, negative AC, for iron-nickel alloys 
present measurements indicate a slightly larger than Since the technique of drop calorimetry employed 
ideal entropy of mixing and very small positive is apt to lead to error in cases such as the present 
heats ol mixing. Kubas« hewski and Goldbec k when the low temperatu e reterence state 1s not an 
calculated a series of small negative heats of mixing equilibrium state, it is believed that it is more 
using mainly their data in the range of nickel likely that these alloys are characterized by a ver) 
concentration where the present results indicate small positive deviation from the Kopp-Neumant 
that magnetite is the stable oxide; in subsequent rule of additivity of heat capacity as indicated by 
calculations they employ the ideal entropy of mixing the present results.* This in turn implies that the 
rather than the quantity calculable from the 
measurements. 
The changes in the thermodynamic quantities 


consequent on mixing one component in another luring its descent from furnace to calorimete 


$53 
ri} AT S40°C* 
(JUA | 
| 
732 OG 0 O05 
i» 
7 ( 0.15 0. Of 
35 0.28 0.14 0 
294 0.35 
6, 93 132 0.51 
56.9 193 | 
re 
| 
| 4 din 7 
ANC 
ind 
3} 
On 
O 
05 O07 08 o9 
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configurational AS is probably very close indeed to 
ideal that the 


0, so that the atomic distribution is essentially 


the value, and configurational 


AH 
random in nickel content. The 
AS 


increases, 


the allovs of lower 
increase in the AG 
AH as the atom 


as shown in Table ITI, seem to indicate the trend to 


and the decrease in 


and fraction of nickel 


be expected if short-range order is to exist in alloys 


of the composition about FeNi; but at temperatures 
the of [17]. 


If the contribution from the thermal terms remains 


ibove critical temperature ordering 


small, the quasi-chemical theory of order would 


require that AH and AS” become negative, and that 


Fe 
Zener |18], Oelsen 


20} have used practically identical approac hes to 


19], and Jones and Pumphrey 


calculate the a/(a + y) and the (a + y)/y boun- 


the Fe-Ni 
Neumann rule for both phases, that the entropy ol 


daries in system. Assuming the Kopp- 
mixing is ideal for both phases, and that a quantity 
6H is independent of concentration and of tempera- 
ture, they are able to calculate the phase boundaries 
with good precision. The 6#/ is the difference be- 
tween the heats of solution of one component in the 
a and the - phases, and is treated asa parameter to 
be evaluated from the experimental phase diagram. 
1100 cal 


Zener obtains 1600, and Jones and Pumphrey 2500; 


Oelsen obtains mol for this quantity, 


they all obtain equally good matching with the 


experimental phase diagram. In view of this lack of 
sensitivity and of the fact that the present data do 
not supply any knowledge concerning the a-phase, 
it is not worthwhile to try to improve these authors’ 


calculations on the basis of the present results 
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LETTERS TO THE EDITOR 


The Plasticity and Fracture of Irradiated 
AgCl Single Crystals* 


essentially the same stre 
slip in the uncolored re 

This letter will discuss the changes produced in lines are observed to cross the boundar' 
the plastic and fracture properties of AgCl when the two regions without any noticeablk 
it is irradiated with X-rays or with ultraviolet them. This may indicate that i 
light. Stepanow [1] has obtained stress-strain initiated mot necessaril 
curves for AgCl single crystals. Nye [2] working specimen 


with polycrystals found the glide direction to be 2. Volume-color 


(110) but that the orientations of the slip planes 
) 


are not quite definite. Podaschewsky [3] found whi ie slip lines in the uncolored region 


that volume coloration of rock salt single crystals approximately, parallel to the coloration boundar 

by either X-rays or ultraviolet light increases the a large increase in stress is required to produce 
vield stress and the tensile strength of the material. slip lines of the same system in the colored region 
When the absorption constant in the F band Observations on crystals having slip lines whicl 
reached 3.5 x 10-* mm a both the vield stress and meet the coloration boundary show that the 


tensile streneth were about doubled. lines termin ite in ne colored region 


Increasi1 


Flat tensile specimens were cut from a large the stress will extend the slip line further into the 
single crystal of AgCl produced by the Harshaw colored region 
Chemical Company. They were shaped, polished, 3. The fracture strength of a volume-colored 
etched, and then thoroughly annealed according crystal is larger than that of an uncolored crystal 


to the procedure of J. R. Hanes [4]. The dimensions This is similar to the results found on NaCl with 


of the specimens between the grips of the tensile and without impurities [5 
machine were 10 XK 4 X 1 mm*. The upper half {. In volume-colored polycrystals brittle fracture 


of the specimen was then irradiated, the specimen often occurs along the grain boundaries with little 
being turned over during the irradiation so that or no prior deformation. Whether the br 
both faces of large area were colored. The ultra- without necking) runs completely along 


violet light from a G. E. 4H lamp produces only boundaries or partly through one or more 


surface darkening. The exposure times were several depends on the geometrical arrangement of 


orientation 


minutes. The X-rays were the unfiltered radiation grains and probably also on thei 
from a molybdenum target (50 K.V. and 18 m.a.). In the former case the fracture strength is remark 


] 


Volume-coloration (not uniform throughout) is ably low, often only little higher than the uncolored 
produced by X-ray exposures of a day or so. yield stress. It has been observed 
Spectrophotometric analysis of the colored crystals boundaries darken more rapidly 

showed a very broad absorption band ranging of the grains during X-1 

from 4000A.to 7000A, the maximum absorption instance, after X-ray exposut 

was at 5200A. the grain boundaries of a AgC] thin plate 


The specimen was then stressed and observed crystallites are of millimeter size, becom« 


with a microscope focussed on the boundary against the only slightly darkened background 
separating the colored and the uncolored portions Quantitative observations are not carr 
of the crystal. The commencement of plastic because of the following difficulties Che ab 
deformations in surface-colored specimens can be of the volume-colored specimens is so gr 


detected either by the onset of birefringence the absorption constant cannot be measured, 
or by the appearance of glide steps on the surface consequently the rate of coloration has not bee 


of the specimen. In the case of volume-coloration determined. Secondly, the coloration is not uni 


only the second method can be used. Observations form even in single crystals. Thirdly, the increases 


on 20 specimens lead to the following conclusions: in yield stress and fracture strength while observ- 

1. Surface coloration produces little if any able are not as large as those produced by F-centers 
hardening relative to the uncolored crystal, i.e., in NaCl [3]. This last difference may arise because 
impurities in atomic distribution are more effective 


*Received March 2, 1953. in hardening than precipitates in this case 
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Read [6] 


changes of the 


Frankl and 


the 


In a very recent note, 


that 
friction of 


measured 
NaCl 

introduced and removed. Their result leads to the 
that of 


report they 


ternal when F-centers were 


same conclusion as can be drawn from 


Podaschewsky's experiment, i.e., the mobility of 
formation 


the F- 


dislocations is creatly decreased by the 


of k-centers and does not recover when 


centers are bleached at room temperature. Frankl 
ind Read proposed the hypothesis that the dislo- 
attachment of 
the 


cations are pinned down by the 


positive-ion vacancies, which are freed by 


formation of F-centers from vacancy-pairs. 
Hardness tests by the author show that Knopp 


hardness number increases remarkably by the 


introduction of F-centers from 17 for annealed 


NaCl crystal plates to 31 for the same specimens 
irradiated by X-ravs. 


diamond indentor is set in parallel with t 


The longitudinal axis of the 
he crystal 
cubic edges 
This work ‘arried out 
Che 


J. S. Iwoehler a 


The material cost F thi ‘search was 


Illinois. wishes Professors 
. Seitz for their helpful interest. 
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through Contra 
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High Temperature Hexagonal Phase of 
Cobalt* 


occasionally been proposed that pure 


transforms from a face-centered cubic to a 


hexagonal close-| acked structure when it is 


heated to temperatures higher than about 1100°C 


|; 2; 3; 4]. The idea has probably stemmed from 


the known similarity of this element with its 


closely related neighbor, iron. The iron lattice is 


body-centered cubic at low temperatures, trans- 


forms to a face-centered cubic structure at 910°C 


*Received April 3, 1953. 
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cubic at about 


that 


then back to bodv-centered 


and 
1406°C. | 
which is known to have a hexagonal close-packed 


sy analogy it was thought cobalt, 
lattice at low temperatures and a face-centered 
150°C. 


back to a hexagonal lattice at a high temperature. 


cubic lattice above about might transform 


Numerous observed effects have been offered in 
support of this hypothesis, all of which have been 
indirect in nature. The observations prior to 1948 
have been summarized by Troiano and Tokich 
[5]. Their data for X-ray diffraction studies of 
quenched samples show that below 400-—500°C the 
hexagonal form is stable; from this temperature to 
about 700°C the cubic form can be retained alone 
on quenching, from still higher temperatures results 
in the reappearance of the hexagonal form. They 
hexagonal 


attributed the reappearance of the 


form to a grain coarsening effect of the thermal 
treatment on the transformation rate in the normal 
100—500°C range during quenching rather than to 
a second transformation. High temperature X-ray 
diffraction results which had been obtained up to 
the time of the work of Troiano and Tokich had 
transformation at any 


Metcalfe 


as evidence 


failed to indicate second 


temperature up to 1187°C. More recently 
2:4] has interpreted dilatometric data 


for second transformation at a temperature in the 
ar the upper limit of previous observation 


X-ray 


desirabl {0 


igh temperature diffraction studies. 
Thus, it 


temperature 


would seem extend 


X-ray 


higher temperatures. 


high 


diffraction studies to even 


WOI k, 


In the present extension of the two high- 
temperature Debye-Scherrer photographs of high- 


The 


were obtained through the courtesv of Dr. Gordon 


purity cobalt wires were made. photographs 


Skinner, who used the camera described by 
Johnston and co-workers [6]. 

Before they were mounted in the X-ray camera, 
the wires were sealed in argon-flushed and evacua- 
ted quartz tubes. They were then held for two 
hours at 1150°C and 1220°C, respectively, and 


quenched into water. During the subsequent 
X-ray exposures, the wires were held at 1147° and 
1223° + 10°C, respectively. The air 
the than 10 


throughout the exposure, except for a few minutes 


pressure in 


camera was less °>mm. of mercury 


after the heating current was turned on, when it 
rose to 5 X 10 
Scherrer 


mm. Room temperature Debye- 


patterns were also made before and 


after the wires were heated in the high-temperature 
camera. Filtered chromium radiation was used for 


all pictures. 


1. SrepANow, A. W. Phys 
2. N ae Proc. Re 
1949) 47 
3 ccH 
73 (1932) 623. 
cobalt 
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The results of the experiments are listed in 
Table I, the lattice 


Before being heated in the X-ray camera, the wires 


together with parameters. 
contained roughly equal amounts of cubic and hexa- 


gonal phases; after the high-temperature pattern 
TABLE I 


Treatment Phases Lattice constants 


1150°C, 2 hrs, 
W.Q. Room 
temp. photo 


Equal amounts of 


hex. and cubic 


Spec. (a) at Single f.c.c. only 
1147°C. High- 
temp. photo 


Same 


Hex. + cubic. 
More cubic than 


Spec. (b) after 
cooling. Room 


temp. photo. 
1220°C, 2 hrs, 
W.Q. Room 


temp. photo 


Equal amounts oO! 


hex cubi 


Spec. d) at 
1223°C. High- 
temp. photo. 


Spec. after 
cooling. Room 


temp. photo. 


s less 


was made, the proportion of cubic cobalt wa 
Presumably this is due to the grain size coarsening 
of the wire in the high-temperature X-ray camera 
1147°C 1223°C during 


produced strong face 


Specimens held at and 


X-ray 


the exposure 


with othe 


room 


cubic diffraction no 


The 


predominant in the 


centered pattern 


lines present. high-intensity line is 


patterns made at tem- 


perature, a portion of which is shown diagramma 


tically in Figure la. On the other hand, 


patterns made at high temperatures (Figure 1) 


Diagrammatic representations of correspond 
Debye-Scherrer patterns of cobalt 


Ficure 1. 
ing portions of wire. 
During the exposures the specimen was held at room 


temperature and (b) 1147°C or 1223°C. 
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show no trace of this line, indicating that the 


hexagonal phase was absent during the 


The 


phase for the high temperature over room temper 


exposure. 


increase in lattice parameter ol the cubi 


surements is such as to be reasonably 
for by 


Therefore when the re 


ture mea 


accounted normal thermal expansion 


added to previous 
concluded th 


cubi l stable 


observations, it 


centered Irom 


(senel ie 
Phe 


schene tad 


Knolls 


Volmet 


t1i0n Oo 


form 


on Of merci 


discove red 


be grown on 


he evidence 

in be interpreted if it 

‘rvstais Of mercur’ 
IS an aXlal SCTreW disloc ation 

If a glass surface cooled to 
with mercur\ 
and 50° ¢ 


in contact 
mercur’ 
| he 


no preferred orientation with respect to the normal 


Hg pressure 


erow out from the glass surface. demonstrate 


to the substrate surface. If the mercury pressure 


is increased, the number of whiskers per unit area 
lhe whiskers can be 


of olass substrate increases. 


seen to oscillate about thei point of attachment 


*Received April 15, 1953 
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Brownian motion. They 
that the 


to the glass surface in 


grow with great rapidity in the sense 


growing end of the fiber advances approximately) 


five thousand times more rapidly than can be 


iccounted for by the impingement rate of mercury 


atoms upon the whisker end from the vapor phase. 


The concept of screw dislocations [2] suggests a 


ittionalization of the mechanism of whisker 


simple 1 


growth. Ignoring temporarily how the dislocation 


is introduced into a mercury nuclet once the 


dislocation is present the crvstal may OTOW in the 


direction of the screw axis by the familiar winding- 


lo account for the extreme rapidity 


up process 


ot erowth it is necessarv to make two additional 


assumptions: that the whisker is bounded parallel 


axis by low index or close-packed planes 


to 1ts 


which present no growth sites for the condensation 


t there exists an adsorbed film of 


of atoms, and that 


{ 
vstal surface in which the atoms 


| 
mercury on the 


hese assumptions provide a 
the 


mav readily migrate. 


mechanism by which mercury atoms strike 


sides of the whiskers, are adsorbed, and migrate 


to the advancing end where the atoms are incor- 
porated into the crvstal. 

Returning to the 
ota 


are faced with two alternatives. 


problem of the introduction 


screw dislocation into a mercury nucleus we 


Either the nucleus 
forms with a screw dislocation built in or a perfect 
nucleus forms and subsequently undergoes a 

dislocation. 
the 
The 


supersaturation needed to grow whiskers is approxi- 


catastrophe giving rise to a screw 


It was possible to resolve this problem by 


application of the concepts of nucleation. 


mately two hundred. The supersaturation necessary 


to nucleate an atomic layer of mercury on a low 


index plane of mercury is 4 X 10°. This value was 


calculated from the theory of surface nucleation 
3] with the assumption that the surface free energy 
of solid mercury is equal to the surface tension of 
liquid mercury. It would require an even greater 
mercury uni- 


supersaturation to surface-nucleate 


a vitreous glass surface, where we use 
‘uniform’ that all 


We are forced to conclude that 


formly on 


the term to indicate surface 


elements are alike 


nucleation plays no role in 


uniform surface 
the growth of whiskers. Further evidence for this 


two observations. The 


conclusion is furnished by 


concentration of whiskers per unit area of surface 
a function of supersaturation as 
required by a The 
whiskers in succeeding experiments within limits 


is not as steep 


nucleation process. 


uniform 


of observation form at the same sites. Uniform 


nucleation would require them to be randomly 


formed over the surface. 
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Since uniform surface nucleation plays no role 


in whisker growth, we must postulate a step in 
the surface. A 


only a frozen liquid surface, would not be expected 


vitreous surface, which is 


glass 
to present any such steps. We are relieved of this 
difficulty if small crystalline regions are scattered 
vitreous glass, and some of these 


The 


formation of a small monolayer patch of mercury. 


in the sea of 


vatches present a step. step catalyzes the 


For the mercury to grow away from the glass 


substrate, mercury layers must build on the 


underlying mercury lavers. Previous calculations 


on the supersaturation necessary to uniformly, 


nucleate a new laver of mercury on a face of a 


mercury crystal indicate that this can occur only if 


abetted by a step. We must assume a regenerative 


step which is more commonly called a_ screw 


dislocation. 
Our picture now includes crystallites of “ ordered”’ 
glass presenting screw dislocation ends to the mer- 


cury vapor. Other crystallites would be inactive. 


The elass screw dislocation is replicated or trans- 


posed to a screw dislocation in mercury, which 


may have a different Burger’s vector than its 


parent screw. The idea of glass crystallites is not 
novel and such regions have been observed electron 
microscopically [4]. 

When a whisker gets to a length of the order of 
| mm. it ceases to grow with extraordinary rapidity 
grows in all directions 


in the axis direction and 


with equal velocity, governed by the impingement 
rate of atoms from the vapor. The first evidence is 
given by cessation of Brownian motion and is 
followed sometime later by the cyclic appearance 


The 


assumptions already made are sufficient to explain 


of interference colors, blue through red. 
this behavior. As the whisker increases in length 
the concentration of mercury ad-atoms at the base 
of the whiskers increases to the value which allows 
new layers to nucleate on the low index bounding 
planes by the intermediation of the mercury-glass 
edge. 

The glass crystallites have varying radii, 7,, 
which is of significance in the nature of the hetero- 
geneity of the surface with regard to nucleation of 
the 
upward in 


solid. If 7, is critical size of a nucleus for 


spiraling a whisker, all patches such 


that 


will be ineffective in growing whiskers. By increas- 
ing the supersaturation, 7, may be diminished and 
a new set of patches become available for crystal 


growth. If 


| 


then the whisker will be entirely based on “‘crvstal 
line’ glass and can more easily grow sideways 
because a crvstalline glass-mercury edge would be 
more effective in nucleating a new low index lave 
than a vitreous glass-mercury edge. Whiskers, 
which are based on ‘‘crystalline’’ glass, should be 
significantly shorter than whiskers which have 
vitreous glass-mercury edge at their bases. 


General Electric Research Laboratory 
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Schenectady, New York, U.S.A. 
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On the Debye Model and Low Temperature 
Phase Transformation in Lithium* 


Metallic lithium has often been cited as an 
example of a simple (isotropic) solid whose specific 


heat deviates markedly from the Debye curve 
Simon and Swain [1], in their publication of the 
specific-heat data of lithium in the 

300°K, have discussed the possible existence of an 
anomaly which could account for the deviation. 
Their interpretation of this anomaly, attributed to ee a 
a single electronic transition, has been rejec ted by lis 
Fowler [2] and Lord [3]. The elastic constants of 
lithium have been computed by Fuchs [4], who has 
calculated the specific heat of lithium using Born’s 
modification of the Debye theory. Fuchs’ analysis er ae 
gave better agreement with the experimental data 
than the Debve theory. However, Seitz [5] has 7 ote 
pat ked hex: 


pointed out that the agreement is far from being 


are reported to 
satisfactory. 
Some recent publications by Barrett [6] on the ad we 
low temperature transformations in lithium and ; 
successive layers of atoms 
studies [7] on the apparent temperature trend in : 
the Debye 6 for some highly anisotropic simple Ea 
: condition may offer 
solids give another possible clue of reconciling the 
discrepancy between th bye mode 


specifi heat data below liquid ur tem] 


Debye type of continuum model with the low 


temperature specific heat of lithium. 
It is found that below liquid air temper 


Lithium has been reported [8; 9] to have a 

the data can be described bv an anisot1 
body-centered cubic structure from ordinary tem- ‘- 
continuum model which depends on two chat 
T 


peratures down to liquid air temperature. However, 


istic temperatures [7; 10 is model h 


*Received April 19, 1953. summarized by the following equation 
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MET 


Gaedo (€ 1) 
and @; = 280°, we 


lable | 


shown 


115° obtain the 


results shown in 


Using 6. = 
(fourth column). Good 
agreement is to exist from 15° to about 
80°K. The latter temperature being approximately 
the temperature below which Barrett has shown 
the spontaneous phase transformation to exist in 
\bove the data 


been described by 


lithium. this temperature have 


Debve’s model using an “‘aver- 
6, value of 405° obtained from the experimen- 


data above liquid nitrogen temperatures.” 


lhe influence of the partially transformed lithium, 


cubic to face-centered cubic 


he specifi 


from body-centered 


induced by cold work, on t heat has as 


vet not been studied experimentally. Barrett has 


reported significant induced partial phase trans- 


tion uy 


form p to approximatel\ 150°K 


W. DrESorBO 


Che Knolls 
Schenectad\ 
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1936), pp 
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Phys 1928) 354. 


Chem., 32 


} 


PosnjJAK, E. J 
10. DESorBo, W 
11. B 


lished 


To be pu 


UGHN, E. ( Trans. Faradav Soc.. 48 (1952) 121 


reports a 9p value of 418° for lithium calcula- 


*Baughn |11 
1 by the Lindemann formula and a value of 420° obtained 


the Guggenheimer formula, which relates the force 


the interatomic distance, and the number of outer 
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Shear along Glide Planes in Aluminum? 


Based upon the displacement of a scratch by 
slip lines on an alpha brass single crystal, Treuting 
and Brick [1] suggested that a shear on the order 
of 700 atom diameters occurred per active micro- 
graphically resolved slip plane. Once this shear had 
occurred, further slip took place elsewhere. A more 
direct measurement of shear along glide planes in 
aluminum single crystals was made by Heiden- 
reich and Shockley [2] using the electron microscope. 
They found that each lamella composing a slip 
zone had slipped over its neighbor a distance of 
2000A. These experiments have been repeated by 
Brown [3] who found that the amount of shear on 
room 


L600A 


glide planes in aluminum was 2000A at 
temperature. At —180°C the 
and increased to 2200A at 250° 

More recently, Wilsdorf and Kuhlmann-Wilsdorf 
[4] have calculated shear along glide planes from 


shear was 


well 
that 


electron microscope measurements of very 


documented aluminum crystals. They found 
the number of glide lamellae per glide zone increased 
but that 


lamella 


with increasing amount of deformation 


the amount of shear along each glide 


increased only slightly and in some cases remained 
shear along 


as to 


essentially constant. Their values of 


individual lamellae ranged from as low 
as 1200A. 


The more direct method of multiple beam inter- 


as high 


ferometry [5] was employed by Tolansky and 
Using aluminum specimens cast against 
special optical flats, the, able to 
900A in the deformed specimens. 
The earlier work of Holden [7 
values of the order of 2000A for 


the 


Holden [6]. 
were measure 
shears of about 
using slow strain 
rate established 
aluminum deformed at room temperature. In 
experiments of Holden, and Tolansky and Holden, 
as to the true shear along 


the 


no correction was made 
since did not determine 


Nor Wa 


many glide lamellae contributed to the total shear 


the planes they 


orientations of the crvstals. s it known how 


of the ‘‘slip zone.’ A slip line refers to slip along 


one plane (a glide lamella) whereas a slip band or 


slip zone refers to a group of glide lamellae which 


not been resolved into their 


lamellae. Although multiple beam interferometry 


have component 


is capable of resolving slip heights down to 5A [5], 
its resolution in the plane of the surface is no 


better than obtained with the ordinary light 


microscope. 
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In the experiments reported here, a cylindrical 
tri-crystal one-half inch in diameter by six inches 
of (99.9975) 


grown by the strain-anneal method. The surface 


long high-purity aluminum was 
was prepared by alternate etching and polishing 
(mechanically) followed by electrolytic polishing 
in a solution of CH;OH and HNO, (2:1) at 
The 


surface preparation included a 30 minute immersion 


high 
current density (1000 amperes/dm*). final 
in a bright-dip solution.* The condition of the 
surface as judged from an interferogram taken at a 


grain boundary may be seen in Figure 1. 


FiGuRE 1. Interferogram of grain boundary 


the shown in 


x, reduced to 6/7 in reprodt 


difference of erains are projection 


935 i ction. 


Gentle undulations in the fringes are due to 


slight depressions or hills in the specimen surface 
Sharp jogs in the fringes can be 


seen at points 


where they cross the boundary. Such patterns are 


of particular interest, for they indicate the boun 
than the customarily) 
be 


in 


dary to be a ledge rather 


visualized groove which would expected to 


produce a V-shaped discontinuity the fringe 


It is realized that the profile of a grain boundary 
should be a function of the specimen preparation 
chemical attack. 
of the effect 
\ 30 second 


in aqua regia at room temperature had no effect 


(‘on- 
of 
etch 


and should vary with 


sequently, a preliminary survey 


various etchants was conducted. 
on the ledge shape appearance nor did five 
second etch in 10 per cent NaOH at 70° 

The the He 


(5460A) passing through a Cooke microscope and 


interferometer used creen line 


through a_ half-silvered microscope cover glass. 
Initial magnification used was 200 X. 

Since this technique measures the perpendicular 
or Z height only, a correction is needed in order 


*Alcoa Bright-Dip Solution (R-5). 
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to determine the true the sche- 


D, is 


Considet 


matic drawing in Figure 2 


where x is the angle 


the 


between the slip plane and 


specimen axis and a is the angle between 


FIGURE 2 at 
ir, D, on slip plan 


ted she 


the slip direction and th 


plane. The angles X 


surface projected on the slip | 


and X (the 


the specimen axis) are 


angle between the slip direction and 


determined from the initial 


and final orientations of the crystal. The angle a 


is determined by noting angle between the 


position of observation and a reference 


on the grip ends of the imen (the 


Spec 
pe 


tween the reference scratch and the slip direction 


is known 

vstem of highest resolved 
olide 

the tr 


insure th 


Ips 


shear stress wa one to the 


was determined stereogray from 
and the slip direction from the longitu 


rot ition. 


cent elongation (the stress was 


nce of the specimen 


afte! 
1000 ¢ 


seoments of the zones, 


ured displ cements, al 


7. Che orient tion 


eiven in 


erains 1s 


on the erain whose 


the filled sections of gre 


Che 


plotted in two wa I] 


curves shown in Fig 


fit curves through the data and 1 


are drawn through all the points. It not know1 


Curves 18S the correc one How 
since the resolution as determined 


idth of 


which of these 


trom the 


listance 


ever, 


ratio of the w fringe 


the fringes ranges from 
to about 150A 


about SOA units in di: 


between 
Figures 5, 6, 7 


meter, the dashed curves are 


probably the more accurate representation of the 
true amount of shear along the slip zones con erned 
If it of 


is assumed that the amount shear on a 
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Phe shear, 
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sin x 
} {// angle 
Orientati 
in Fig. 8 
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mt 
is shown in Figures 3 and 4. The shear alongs 
Ficure 8. Measurements wer 
nade TE orientation is show! 
eee res 5, 6, 7, and 10 are 
dashed curves 
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tion of the slip lines in these cases would be in both 


slip zone is 
from these 


plane or group of planes constituting 
I 


a function of the time that the positive and negative directions 


ctive, it can 
This is in keeping with the model of slip 


be said that hear versus points. 
distance along t] , these maxima line formation recently discussed by Chen and 
first Pond [8]. In the cases where no maxima appear, it 


points 
be said that the direction of propagation is 


irections of propaga- can 
towards the direction of lowest shear along any one 


line. 
Values of shear as much as 5000A and as little 
a \long one line a 


150A have been observed. g an\ 
idient of shear from as much as 4000A to almost 


intersected the 


LOOA was measured. 


NN 


“NS 


20 


DISTANCE ( MICRONS) 
versus distan ‘ ng slip zone 
boundary (at positi 


5 when shear is greatest indary. 


Close examination of Figure 3 will show not 
only that bands exist for a very short distance but 
that, in one case, the amount Of shear along glide 
planes reaches a maximum near the grain boun- 
dary. This latter observation is contrary to the 


xpected behavior of a glide plane in the immediate 


Pa vicinity of the grain boundary. 
; It is interesting to note that for the orientation 
terferogram showing shear along slip zones 
a a a difference shown in Figure 8 and for the amount 
shown in Fig. 6. 
1600 


shear 
of deformation, the slip bands stop at from 4 to 


gradient in some ) tl line 
10 microns from the boundarv. 


reproduction 


\ 
~ {idl ipp 4 Qc 
ite] sno | | t alte! ibo t 5 per ce t el gvati 8 
Note st cl Ss ore test mc t of he eal the 
oundary (curve 5 in Fig. 5). Pos of the boundary is at as om 
ang 3 
FiGuRE 5. SI s away 
FIGURE 4. | 
The curves of 
Note steep she 
reduced to 5/6 


r the boundar\ 


to more than 1800A av 


urve 2 


cle forme d 


20 
DISTANCE (MICRONS) 


FIGURE 6. Shear, D, versus 
corresponding with interferogram of Fig 
ol about 
\ttempt 
lo observe the amount of shear on glide planes j 
cinematog 
another aluminum crystal 


gradient 


metr\ 


in just a few slip zones, 


prepared in the same manner was pulled in tension 


until just two bands were visible. The appearance Paes sy . 
of the fringes and a plot of the shear, D, versus 
distance along the band are shown in Figures 
9, 10, and 11. Here, the shear is shown to decreas« } / 
| 


SHEAR (A) 


nN 


20 


DISTANCE ( MICRONS) 
Shear, D, versus distance along slip zones 


FIGURE 7. 
Here, a constan 


position remote from the grain boundary 


of shear is apparent. 
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o below 150A and varies from 
| Yep - 
| o | from the boundar 
| MY 4 C mmm in Figure 11 (the slip zone shown in 
/ | gure 10 shows in interest ng ettect | ( nds 
re in slightly displaced regions presenting the 
| 9 stopped O! over! upped ppe rance so common on 
/ 9 aluminum crystals. The lot sho 
} *, / Same mount of shear on hr inds t the me tin 
f° oint and the same amount of increase in shear 
1000) 4 
Ho) 
od | 4+ 
VY 
vf 
| 
be, \ 
} | ~ 
5 
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Figs. 1 
I 
] 
] the meeting points. Curve 3 in | el] 
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5OA ne I the by ind I 
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i phy with | { ai lt le 
° ! j 
; 
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of Lattice Defects during 


Slip* 


The Formation 


observations [1] have brought 


to light 


the 


Recent 


the existence of an elementary structure on 


surface of a slightly deformed aluminum crystal. 


It consists of a large number of lines, with an 


average length of a few times 10~* cm., and spaced 
Each line 
and 50 


The elementary structure should 


some hundreds of atomic distances apart. 


represents a slip distance between 10 


atomic distances. 
be clearly distinguished from the usual slip lines, 
these being much longer, more widely spaced, and 
showing more slip. 

an elementary 


The formation of structure may 


be explained in the following way. An activated 
a number of dislocation 


the 


Frank-Read source emits 
These 


present, randomly 


rings. rings expand and cross ever 
distributed dislocations. Jogs 
are formed and, as in face-centered cubic crystals, 
each dislocation probably has some screw charac- 
ter [2], further expansion of the jogged rings 
produces trails of vacancies or interstitial atoms. 
\dditional expansions of a ring of radius R over a 
distance equal to the Burgers vector b produces 


1 


nN, 


defects per unit length, where o is the density of 


*Received April 27, 1953. 
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10° The 


energy involved in the creation of a defect being 


random dislocations, viz. about cm 


K, (between 1 and 2 times 10~™” ergs in the case of a 


vacancy [2]), the energy needed to make this 


expansion possible increases with increasing R as 
1 
TOR E,. 

The 


moving a dislocation of unit length over a distance 


per unit of dislocation. energy gained by 
b in the field of applied stress 7 being r7b?, it is seen 
that for applied stresses of the order of 1 kg/mm 
expansion of the rings around an activated source 
will only occur to a limited amount, viz. somewhere 
between 1 and 2 times 107° cm. 


Also the number of rings emitted by the source 


is limited by action of the back stress exerted by 
the rings on the source. Following the lines given 
by Fisher ef a/. in a recent paper [3], it is found that, 
in the region of stress mentioned above, the num- 
ber of emitted rings per source does not exceed 50. 

At low stress levels therefore slip in metal crvstals 
will be distributed rather inhomogeneously through 
concentrated around activated 


the lattice: it is 


Frank-Read sources. It is proposed that the 


intersections of the ring systems with the surface 
of the crystal are observed as the elementary 
lines. Leneth and step height observed are in eood 
agreement with this theory. 

sources 


The density of activated 


may be estimated from the observed stress-strain 
aluminum, the 


rhe 


slip planes 


curves. In the case of copper or 


density is found to be about 6 X cm 
spacing perpendicular to t 
<x 


observations on the elementary structure. 


average 
is then cm, in good agreement with the 
The total number of defects formed at the above 
about 10 


strain produced by the dislocations is 3 


mentioned stress level is cm 
pel 
Good agreement exists with the density of vacan- 
cies estimated from observed resistiv ity changes al 
Ap/p 


1 per cent at a strain of 5 per cent [4; 5], 


liquid air temperature, viz. equals ca. 


when the 


result of a recent computation by Jongenburget 


[6] is used. According to this work, the resistance 
increase by vacancies in copper is 1.3 wQ per cent 
vacancies. 
Raising the stress above a value of about 
a kg/mm? will not appreciably increase the number 
of rings emitted per source. Formation of new 
rings is greatly inhibited by the stress field pro- 
duced by the other activated sources. Only furthe 
expansion of the rings takes place. As the strain is 


proportional to the area swept by the rings and the 
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radius of the is to a first approximation 


directly proportional to the shear stress applied, a 


quadratic stress-strain relation should be valid. 


furthermore, the density of defects should increase 
proportionally to the 3/2-power of the strain 


When 


sources on 


the density of activated Frank-Read 


ippre¢ iabl 
104 cm 


ction 


a particular slip plane is 


higher than the average density about 


expansion of the rings leads to mutual attra 


} 


annihilation of a considerable part of 
rhe 


ind 


‘| hus a 


followed bv 


the dislocation length. back stress on the 


sources drops rapidly, many new dislocatiotr 


emitted. slip zone with 


rings are 


distance of many hundreds of atomic spacings is 


propelled throuch the crvstal and on arriving at 


Che tol i numl el 


surface produces a slip line 


dislocations forming the slip line is again 


and depends on the density of crossing dislocations 


as the number of defect cannot becom¢ 


ian the atomic density. The slip plane thet 
collapses. An upper limi 


\t low 


ver’ hi | ne 


temperatures the density of defe 


produced by 

expansion of | 
lhe influence 

vers may be 


ind the fi 


} 
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Thermal Stabilization of Austenite in 
Nickel Steels’ 

It is known that in certain steels the amount of 
martensite obtained on quenching specimens to a 
fixed reference temperature is dependent on the 
rate of cooling from the austenitizing 

Morgan and Ko [1 
C, 5.4% Ni steel, the d 


contents of specimens quenched into brine 


temperature. 


martensite 


showed that, 1 
ifference in the 
and oil 
was due to thermal stabilization occurring in the 
region of 300°—400°C. Stabilization of the austenite 
holding at temperatures 
but it 


occurred on isothermal 


lower than this, both above and below _J/s, 


was too slow at these temperatures to reach a 


detectable amount even during oil quenching. 
The experiments have been repeated in order to 

obtain more data. The specimens used were cut, 

from the bars forged 


1100°C 


after a time lapse of one vear, 


from the ingot. Austenitization at 


bath 


same 


was carried out in the same neutral used 


before, and also in Vacuo, the results being inde- 


pendent of the method of austenitization. All the 


other experimental details were identical with 


those described previously) | 
The present results, shown in Figure 1, were as 
follows: 


i) Effect of Phe 


martensite in the specimens were independe 


cooling rate. amounts Ol 


the quenching medium, whether brine, mercury, 


or oil. In other words, within this range, the cooling 


rate had no effect on the progress of transformation. 


i1) Ageing above Ms (87°C Holding at 178°C 


and 214°C for various pertods up to 32 hours had 
no effect on the amount of martensite at 
15°C 


Stabilization was obser- 


tem pera- 
tures between and 
iil) Ageing below A's 


ved on ageing below Ms. 


Holding for 24 hours at 
31 per cent martensite) caused a temperature 

‘and a loss of 15 per cent martensite 

when the transformation resumed. 


These results are consistent with the previous 


nding [1] that any difference in the amount of 
retained austenite in this type ol steel is associated 
above VWs. But it is 
that some factors were in operation which prevented 


the 


with stabilization obvious 


the occurrence of stabilization above V/s in 
present specimens. 

In order to ascertain the effect of any possible 
variation in chemical composition, specimens from 
the two batches were analy zed with the following 


results: 


RGICA, 


VOL 


1953 


Element \nalysis Morgan & Ko’'s Presen 


specimens specimens 


1.08% 1. OS&% 


Chemical 


Chemical ». 4% ». 


Chemical 0.005% 0.005% 


Sper trographic Fail t trace 


Spectrographic Drace 


Spectrographi Not detect 


\s hydrogen is the only element likely to have 
been lost during the period between the previous 


and the present investigations, a possible aiter- 


effect from this element was investigated using 


spec imens cathodically impregnated with hydr« gen. 
\bout two weeks were allowed to lapse between the 


hydrogen impregnation and _ austenitization, a 


period comparable to that between machining and 


austenitization in the previous experiments |] 


No stabilization effect above ./s was found after 


isothermal holding at 183°C for periods up to 


24 hours. 


Scrutiny of the literature shows that similar 


anomalous results have been reported before. 


KXlier and Troiano [2] found stabilization above 


¢ 


ina 0.7% C, 15% Cr steel, while Das Gupta and 


Lament [3] (using specimens from the same melt 


and Bogacheva and Sadovskii [4] (using 


C, 15.2% Cr steel) reported that no such effect 


20 


Oil quenching 
according to \ 
Morgan & Ko (1 


° 
Temperature C 


irtensite transformation 


Ni 
B Nil 
Pb 
\l, Bi, Co, Not detected 
Cr, Cu, Mo, 
Sb, Sn, Te, 
Tj \ \\ Zn 
@ Stabilised at !78°C 
A Direct Brine Quench 
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\ A O1l 
\ 
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\ 
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50 100 
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36% Ni steel, 


used in the present 


could be observed. In a 1.10 C, 5 


a composition ‘similar to that 


investigation, Harris and Cohen [5] found no 


stabilizaion above room temperature (25°C). These 


authors also reported that their steel showed no 


difference in the amounts of retained austenite at 


25°C after cooling at different rates, although in 


previous paper from the same laboratory, Howard 
and Cohen [6], steel, 


using apparently the same 


recorded a difference of 12 to 14 per cent in 
retained austenite between specimens quenched in 


NaOH to 
(unspecified, probably 25° 
data 


that the austenite content of 


oil and 10 per cent room temperature 
* according to the given 
his co-workers [7] also found 
1.0% C, 4.82% Ni 


temperature was 


Cohen and 


steel oil quenched to room 


dependent on the specimen size. 
It must be concluded that there are some 
unknown factors which determine whether or 


No sugges 


as to the nature of 


stabilization will take place above Ls. 


tion can be made at present 
these. The effect of boron on stabilization is now 
being studied. 
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Spin-Orbit Coupling Effects in Ferromagnetic 
Metals* 


The remarks made in a recent note by Argyres 
and Kittel [1] on the ferromagnetic ground state 
are relevant to some theoretical work on ferromag- 
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EDITOR 


netism recently com] 


owing comments on 


may therefore 


been deduced f1 
ssuming thi 


] 


electrons 


ssumption is not 
, coupling ¢ ts being demonst1 


deviations from two of the value 


magnetic ratio g’ and the sg 


pectroscop! 


factor g. The onl ving ; 


treatment 


yf spin-orbit coupling effects, on 


. 

electron theory, 1s that d 
Brooks 


2}. A quantitative investigation of 


treatment has recently been carried out b 


the d band 


ind Wohl 


} 


Luthor for nickel, using the results of 
that metal Fletcher 
Fletcher | 


extended to 


( Iculations for 


farth [3] and Brooks’ treatment 


now been include the effects of 


five atomic d functions, but the additional con 


tional complexities introduced thereby 


necessitated the consideration of only three 


quantitative purposes, as in Brooks’ original pape 


and in [3]. On this basis theoretical values of 2.22 


82 have been obtained for and 


respe¢ 


he calculations have also been extended 


to include second order tet 


ms 


The value 2.22 for the g factor ickel 


0.54 for the number of effective magnetic electrons 


\rgyvre 


presumably, on 


per atom, in agreement with ind Wittel’s 


estimate 


based, 


value of ¢g his change would have 


increasing value of the low 


electronic heat coefficient y calculated by 
dee 


larger than the experimental 


The calculated 


correspondingly 


about 1.9 X 10 
slightly 


nickel, degenerac\ 


would be reduced 


comparison of the calculated factor with values 
deduced from ferromagnetic resonance experiments 
imental 


is not at present possible, since the exper 


The 


is in disagreement 


values derived in different cases var 


considerable range, 2.42 for nickel 


nickel 


calculated value of g’ for 


with observation; it is not clear, incident uly, why 


the correction to the effective number of electrons 


4 


should not rather be made using g’ in place of 


It may be pointed out, in commenting on the 


more fundamental aspects of the theory, that the 
| 
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ee Phe criticism in paragaph (A) of the assumption 
ee on and 0.6 for nickel appears at first sight to be 

tion magnetization dat effects te 
] ] 4 1 4 1 +1 
r iue entirel Oo electron spin and latiected | 
he orbital motion of the 
corre ap Line 
— has 
953 
| 
Fletchet 
\ka 
value for 
Tran. ALM E, temperature 
direct 
lrans. A.I.M.1 


468 ACTA MET 


author’s d-band calculation is based on a theoretical 


model which neglects spin-orbit coupling entirely, 


a fact which has been re-emphasized by Wohlfarth 
[5]. The use of values of effective electron numbers 
corrected for this effect to estimate such quantities 
as specific heats thus appears to be in a way 
inconsistent with the author's calculation; ideally, 
attempts should rather be made to include spin- 
orbit coupling effects ab inttto in band calculations. 

arding the remarks on Brooks’ paper [2] 


iph C of 
may be mentioned that Brooks purports to calcul- 


in paragri \rgvres and Kittel’s note, it 


ite g’, but his method of calculation actually leads 


to a value for g. The value given by Brooks is less 


than 2 but Van Vleck [6] has suggested that this 


is due to assuming erroneously a positive value for 


when summing over 


] 


the spin-orbit parameter A 
] 


the unoccupied d_ states. procedure is 


quite legitimate, however, since, as he points out 


quite clearly, the parameter A used is that for a 


single electron and not that for the atom asa whole. 


The discrepancy actually appears to arise simply 


from an % \ic error in sign in Brooks’ expression 


for Ak 


expression (21) for 


tion (20)). ‘ther, the factor 2 in his 
should be 7 tha 
.05. As Arey 


owing to Brooks’ 


equ 
t his value 


for g should be about res and Kittel 


noint out, is TOO low. 


ise of a mean b nd width” ha value 


20.000 cm}, slightly less than half the width of the 


Slater Even allowing for 


ma be too large 


} seems unjustifi- 
ilculation the 


| compara 
n band width” woul » 20.000 * 0.03 /0. 22 


l . which is in fact quite close to 


i.e. about 3000 cm 


the depth of the ‘ferromagneti Fermi limit’ 


below ; d band on which the calcula- 
ire based, viz. about 3600 cm~!. These values 


tions 
ire consi leral hh lar those suggested by 


\revres and Kittel (] 
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Spin-orbit coupling effects also lead to the 


occurrence of the phenomenon of ferromagnetic 


anisotropy [2]. A calculation of the anisotropy 
coefficient K, for nickel has also been carried out 
by the author, the calculation being again based on 
Brooks’ theory and on the author’s d-band calcula- 
tion. Full details and results of these calculations 
will be reported at a later stage. 

| should like to express my gratitude to Dr. E. 
P. Wohlfarth for his helpful advice, and to Professor 


H. Brooks for making available to me a copy ol 


his Ph.D. Thesis. 


G. C. FLETCHER 


Department of Mathematics 
University College 
Exeter, England 
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Erratum 


3706. Stabilization of 


Vol. 1, no. 3, p. Phermal 
\ustenite Iron-Carbon-Nickel Allovs. By SAMUEI 


J. RosENBERG. The last sentence of the penultimate 


paragraph should read: 


"ii as established that these differences were 


actually associated with the austenite grain size 


and not with the temperatures from which the 


various samples were quenched.’”’ 


| 
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the possibility that Slater’s vali. 
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THE EFFECT OF TEMPERATURE AND COMPOSITION ON THE 
DEFORMATION OF SINGLE CRYSTALS OF IRON* 


H. W. PAXTON} and A. T. CHURCHMANt 


\n investigation has been made of the types of stress-strain curve which it is poss to produce 
in single crystals of iron in the range of temperature between —180°C and 2 differe 
carbon contents. It is found that all the effects which can be produced i 
cleavage fracture, mechanical twinning, simple and repeated yielding 
curves, can also be observed in single crystals contail ing 0.003 per cent bon at approximate ly 
the same temperature. Crystals containing about 0.0005 per cent carbon al ow all the effect 
except repeated yielding. The main difference between the single crvstals of t two compositio 
is in the rate and magnitude of strain ageing effects. The te mperature depends of the t 
yield stress is discussed for crystals containing 0.003 per cent carbo1 


L’'EFFET DE LA TEMPERATURE ET DE LA COMPOSITION SUR LA DEFORMATION 
DE MONOCRISTAUX DE FER 


Une investigation a été faite du genre de courbe tension-déformatio 
pour des monocristaux de fer dans l'intervalle de temperatures de 180°C ; 
en carbone différentes. Il a été constaté que tous les effets qui t 
polycrystallin, c.-a-d. rupture par clivage, maclage mécanique, écou ‘nt simple 
que des courbes tension-déformation uniformes, peuvent aussi étre trouvés da 
contenant 0.003 pour cent de carbone, a la méme température approximativeme 
contenant environ 0.0005 pour cent de carbone montrent aussi tous ces effets, a 1’ 
ment répété. La différence principale entre les monocristaux des deux composit 
grandeur et la vitesse des effets de vieillissement de déformation (strair rel 
la tension initiale d’écoulement, de la température, est dis 
0.003 pour cent de carbone. 


DER EFFEKT VON TEMPERATUR UND ZUSAMMENSETZUNG AI 
VERFORMUNG VON EISENEINKRISTALLEN 


Die verschiedenen Typen der Spannungs-Verzerr 
zwel verschiedenen Kohlenstoffgehalten zwischet 
untersucht. Es zeigte sich, dass alle im polykristallinen Eisen ; 
Spaltbarkeit, mechanische Zwillingsbildung, einfaches und wiederhol 


rungs-Spannungskurven, auch an Einkristallen mit 0.003 proze 

gleicher Temperatur beobachtet werden kénnen. Einkristalle mit 0.0005 prozent Kohle 
gleichfalls die oben erwahnten Effekte mit Ausnahme des wiederholten Fliessens. Der 
Unterschied zwischen den Einkristallen verschiedenen Kohlenstoffgehalts ist die Geschw 
und Grésse der spannungsbedingten Alterung. Die Temps rabha keit der ur 
Fliess-spannung wird fiir Kristalle mit 0.003 prozent C diskutiert 


Introduction Material and Apparatus 


The effect of temperature on the deformation of [he material used for most of 


polycrystalline iron containing carbon and nitrogen \rmco iron with an original 


is interesting and complicated. At low temperatures 


S 


(e.g. — 180°C) deformation twinning and brittle oas 0.01 


fracture occur. At higher temperatures, up to about 
100°C, the yield phenomenon is observed, the vield although a small number 


] 


point itself showing a strong temperature depen- also done with two differ 


dence; at temperatures in the range 100—-300°C the material was received as h: 


vield phenomenon changes into that of blue brittle- 2 mm., and grown into single cr 


ness, or repeated yielding. 5 cm. and 


upwards [hese were 


The purpose of the present investigation has been decarburising the wire in wet 


to explore the corresponding behaviour ol single rapidly through water at room temperat 


crystals of 


iron, since it is now known that these about 3 per cent water 


crystals, if they contain a little carbon or nitrogen, hours at 720°C, then str: 


show vield phenomena [1; 2]. room temperature, and 
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at 700°C for 15 minutes in dry hydrogen, which had 
been bubbled through n-heptane at room tempera- 
ture, followed by homogenizing them for 5 days at 
670°C, furnace cooling to precipitate excess carbide 


in particles of reasonably large size and to minimize 


quench-ageing. Crystals given this treatment will be 


termed ‘‘carburised.”’ 


In the second treatment, ‘‘as grown” crystals 
were further decarburised at 720° 
240 hours in hydrogen saturated with water vapour 
temperature. The about 


These cry stals will be termed 


ior periods up to 


flow rate was 


it room 
0.5 cu. ft. per hour. 
‘“‘decarburised,”’ although strain ageing experiments 
described below suggested that very small amounts 


of carbon or nitrogen were still present. 


All the crystals were strained in a hard-beam 


testing machine of the Polanyi tvpe. For convenience 
of gripping, the specimens were soft soldered axially 
into evlindric al mild steel endpieces attached to the 
straining shackles by flexible Bowden cable Figure 
[he cables on h grip were ol the same length, 


but ol opposite twist to prevent torsion ol the speci- 
men. The normal plastic strain rate in specimens 


5 cm. long was 2 X 10~* per minute. 


Temperatures above room temperature were 


obtained by immersing the specimen in a bath of 
liquid paraffin during the experiment. Below room 
temperature ice and salt, dry ice and alcohol, and 
liquid air, were used in constant temperature baths. 
Carburised Crystals 

Several different ty pes ol stress-strain curve were 
ybtained on carburised crystals pulled at tempera- 
tures in the range — 185°C to 230°C. The effects 


bserved, which are shown in Figures 2 to 8, are 
jualitatively the 
and occur roughly at the same temperatures. 


—185°C and 20°C has 


same as those in polycrystalline 


iron 

Che behaviour between 
ilready been described by Churchman and Cottrell 
2). At —185°C, formed in 
“bursts” [3] the martensitic 
transformation in high nickel steels. A large load 
(Figure 2), the 


mechanical twins 


very reminiscent of 


drop was observed at eac h burst 


slope of which is a characteristic of the testing 


machine. The crystallography of this twinning has 


been described elsewhere [4]. Cleavage fracture 
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often occurred on a {001} plane after a few per cent 
extension by twinning. 

At —70°C, well-marked 
followed by lower vield point extensions up to 3 per 


upper vield points 


0 


ined —185°C 


specim 1 stra at 


FIGURE 2. Carburised rai 
| mechanical twint 


showing large load drops ( aused by 


ng. 


cent were observed (Figure 3). As the temperature 
oft test increased, the magnitude of the stress drop at 
the vield and the lower yield point extension, during 
the first experiment on each annealed crystal, fell 


Carburised specimen strained at —70°C: 


FIGURE 3. 
immediate re-load. 


first experiment; (b 


| 
30h 
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steadily until the temperature range of 50-70°C was stress. Andrade [5] has recently shown that 
reached. Here the character of the curves changed yield stress o of single crystals of gold, silver, 


~ 


again. cadmium, zinc and bismuth, over quite wide ran 


The phenomenon of “‘blue-brittleness’’ or repeated of temperature, is given by a relation of 


yielding was observed above 60°C. The average suggested by Orowan [6] 

magnitude of the drops in load increased with 

temperature up to about 130°C, and above this 

temperature decreased again until at about 200°C where a» and A are constants. 

and above, the stress-strain curves were entirely lhe value of the critical shear stress in alumir 


smooth (Figures 5, 6, 7, 8). is markedly dependent on purity. The 


FIGURI !. Carburised spec imen strained at 19°C: 
experiment; (b) immediate re-load; (c) aged 80 minutes 
60°C; (d) immediate re-load. 

FiGurRE 5. Carburised specimen strained at 

first experiment, two hours after reaching 61.5°C; 
1 hour at 61.5°C; (c) aged 40 hours at 61.5°C 


The upper yield stress measured in the first reported values, and thus presumably those for the 
experiment on each of the carburised crystals is highest purity of material, are the ones of Rosi and 
plotted against temperature in Figure 9. The two Mathewson [7] on 99.996+ per cent aluminium 
main features of these results are the very steep Chey found that the temperature dependence 
temperature dependence of yield stress and the two _ sufficiently steep to be represented by 
distinct branches of the curve formed at tempera- i RI 
tures above and below about 80°C. A exp (U4 

where A is a constant and Q is an activation energ 


10 ( ottrell and Bilby 8 | h ive proposed in equ ition 


FiGurE 6. Carburised specimen strained at 
a) first experiment; (b) aged 2 hours at 133°C; 
hours at 133°C; (d) aged 2 hours at 133°C; (e) aged 40 hours 
at 133°C. 


It is interesting to consider the mathematical for materials in which the dislocations are anchored 
form of this curve. Several equations have been by atmospheres of solute atoms. They suggest that 


proposed for the temperature dependence of yield at a constant testing rate, yielding should occur 
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when the quantity U/kT reaches a characteristic 


fixed value. LU’ (which is a known function of ¢/¢9) 
is an activation energy for the formation of a stable 
loop of dislocation, and gy is a constant corresponding 
to the vield stress at O°K. The equation U/kT = 
McAdam and 


4! tor polvery stalline iron, and gave U/kT = 


constant was fitted to the results of 
Mebs 
17 and oy = 125 Kg/mm?. 

The results for the single crystals can be fitted 
better by the Cottrell-Bilby formula than one of the 
Orowan or Rosi-Mathewson tvpe, between — 185°C 
80°C. The —185°C is 
absolutely, but since the material forms mechanical 
about 28 


initiate slip must be larger than this. 


and value at not known 


twins here at Ke/mm?, the stress to 
The values of the constants, for best fit between 


theoretical and experimental curves, are 


117 Ke 


U/kT = 90 


= 


is approximately equal to that for poly- 
U/kT is appreciably 
Figure 10. 


Thus o 
crystalline iron, but larger. 
These The 


Orowan curve is fitted so that ¢ remains positive in 


results are summarized in 


200 300 
Temperature °K 
Comparison of experimental 

rised r\ stals with theoretical 


irb curves 
Cottrell-Bilby and Orowan hypotheses 


the 


range considered, and is equal to the twinning 
stress at — 180°C. 

A further analogy with polycrystals is seen in the 
rise in initial yield stress which occurs at about 80°C. 
This temperature coincides closely with that at 
which repeated yielding begins, i.e. ageing is suffh- 
ciently rapid to occur significantly during the time 
likely that the 


connet ted, 


of the experiment. It seems two 


phenomena are closely particularly 
since Holden and Kunz [10] and Paxton [11] have 


shown that ageing during the initial stressing of a 
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specimen causes the initial vield point to be raised 


above its normal value. 


Decarburised Crystals 


These crystals, which have been subjected to 
anneals up to 240 hours in wet hydrogen at 720°C, 
showed much less pronounced yield phenomena, too 
small to be detected by routine testing procedures. 
However, a small upper vield point could be pro- 
duced by straining and ageing (7m situ, and without 
ever fully unloading the specimen, so that the 
axiality was undisturbed). The rate of strain ageing 
was also slowed down very markedly relative to that 
of carburised crystals. A load drop such as could be 
produced by ageing for about 1 hour at room 
temperature in carburised crystals was only pro- 
duced in decarburised crystals after some 10 to 20 
hours at 100°C. The increase in upper yield stress 
over the final previous applied stress, even after 


ageing for these long periods, was also much less 


than that usual for the crystals containing about 
0.003 per cent carbon 
The 


obtained with the decarburised crystals are as follow: 


(see Figures 4(c), 12(d)). 


types of stress-strain curve which were 


At —185°C, it was possible with fully annealed 
specimens to produce mechanical twinning just as 


with carburised crystals, a result different from 
that obtained earlier [2]. 


At —70°C, a small upper vield point was obtained 
in the first experiment on an annealed crystal. 
The lower yield stress was comparable with that for 
a crystal containing 0.003 per cent carbon but the 
lower yield extension was much less—about 0.4 per 
cent as against 3 per cent (Figure 11 


At room temperature, small load drops were 


produced after straining | per cent and ageing for 


73°C 


FIGURE 11 
fir aged 22 hours 


1) first experiment; 
it 87°C 


Decarburised specimen strained at 
immediate re-load; 


| 
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18 hours im situ at 110°C (Figure 12). After straining 
approximately 3 per cent, it was no longer possible 
to produce a yield point even after 24 hours ageing 
at 110°C. 


FiGuRE 12. Decarburised specimen strained at 18°C 

a) first experiment; (b) aged 1! hours at 110°C; (¢ 
1 hour at 110°C; (d) aged 18 hours at 110°C; (e) aged 1 hour 
at 110°C; (f) aged 1% hours at 110°C; aged 24 hours at 
110°C; (h) aged 18 hours at 110°C. 


d 


At 140°C, very small initial yield points were 


observed after strain ageing, increasing to a maxi- 
mum after about 100 minutes ageing at this tempera- 
ture. Repeated vielding was not observed (Figure 


13). 


Decarburised specimen strained at 
a) first experiment; (b) aged 100 minutes at 143°C; 
Q minutes at 143°C; (d) aged 1714 hours at 143°C; 
$7 minutes at 143°C; (f) aged 17 minutes at 143°C, 


FIGURE 13 


At 193°C, vield phenomena were almost non- 
existent. A very slight lower vield extension with 
small strain age-hardening occurred in one crystal 
after straining 0.25 per cent and ageing 17 hours at 
193°C. The rate of work hardening in this crystal 
was considerably less than in a carburised crystal at 
this same temperature. 

A chemical analysis of crystals given a decarburis- 
ing treatment was kindly arranged by Dr. N. P. 
Allen of the National Physical Laboratory. Three 
crystals given 18 hours treatment at 720°C in wet 
hydrogen contained 0.0006 per cent, 0.0003 per cent 
and 0.0005 per cent C whilst a crystal decarburised 


The 


for 240 hours contained 0.0004 per cent C 
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was 0.0002 to 0.0003 


cent, and these results must be considered as upper 


stated limit of accuracy per 


limits for the carbon content. 


It seems very likely that the results on all the 


decarburised crystals can be reasonably explained 
on the grounds that insufficient carbon is present to 
Che 


needed to provide one carbon atom per atom plane 


saturate the dislocations. theoretical amount 


intersected by the dislocation assuming a density 


of 10° lines/cm?) is 10 Che work of 


Harper [12] 


wt. per cent 


indicates that in material 


been strained a few per cent, the dislocation density 
is about 10 


10 wt. 


lines/cm?. Hence, a minimum of about 


per cent is necessary to saturate all the 


dislocations in this case. This amount is certainly 
and so the 
Yield 
thus reduced, in much the same way as 


Wain [13 


containing 0.0022 per cent nitrogen. 


not present in the decarburised crystals, 
dislocation atmospheres are not complet 
elfects are 
recently by ising 


has been noted 


This is illustrated by comparison ol | igure 12 
12(h 


| per cent strain prior to ageing, but not after about 


and \ vield point is observed after about 


3 per cent. The number of dislocations has increased 


so that insufficient solute atoms are present to 


saturate the whole length of the dislocation lines 
The results of Harper 12] suggest that the densit\ 
of dislocations p is roughly related to the 


strain e by the formula 


Hence for 1 per cent plasti 
| 
p= 2.0 XW 


to provide one carbon atom per atom plane intersec- 


lines/cm*. The wt. per cent carbon 


ted by the dislocation is 


assuming 10~-° wt. 
i.e. 0.00025 per cent. 


\ similar calculation for 


per cent 


3 per cent plastk 
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that 0.00075 cent is necessary for 


saturation of the dislocations. The analysis of the 


indicates per 
crystals gave a value of about 0.0005 per cent for the 
carbon content. 

Thus, although the calculation is approximate, it 
does indicate that the carbon content is in the 
right range for vielding to disappear with increasing 
strain. 

Repeated vielding does not occur in decarburised 
crystal since the ageing time is not of the same order 


as the duration of the experiment. 


Repeated Yielding 


Consideration of the mechanism of repeated 
vielding is complicated by the fact that it may occur 
in different forms depending on the metal, and 
whether this is in single cry stal or polycrystalline 
form, and on the nature of the testing machine. 

The phenomenon of jerky creep was observed in 
metal single crystals by Becker and Orowan [14] 
using commercial-purity zinc. Repeated yielding has 
been observed by Dumbleton [15] in zinc single 
crystals, and by Ardley and Cottrell [16] in single 
crystals of a- and §-brass. 

The basic feature of the dislocation theory of the 
effect is that the speed of diffusion of impurity atoms 
is sufficiently large to anchor the dislocations 
very quickly once these become held up anywhere 
in the crystal, but insufficiently large to diffuse so 
rapidly that a dislocation never effectively breaks 
away from an atmosphere. There is thus an optimum 
temperature, for each given strain rate, at which the 
a maximum; in the carburised iron 
130°C. 


The nature of the testing machine is important 


load drops are 


crystals this was about 


in determining the form of the phenomenon. In a 
“‘soft’’ machine, or with dead loading, the stress does 
not relax appreciably during a sudden small exten- 
sion. Thus one would expect deformation to propa- 
through the entire length of the specimen. 


gate 
This has been observed by McReynolds 17] in 
impure polycrystalline aluminium. 

On the other hand, in a “‘hard”’ testing machine 
a sudden extension can cause a marked stress drop. 
This may be sufficient to reduce the average speed 
of the dislocations substantially, and to enable 


anchoring to occur before the deformation has 
occurred throughout the entire specimen. Examples 
of this have been noted in polycrystalline iron by 
Hall [18] and Paxton [19]. At temperatures in the 
region 100-200°C, remarkably regular repeated vyield- 


ing occurs in the first experiment on an annealed 


specimen. This occurs in the portion of the stress- 


strain curve corresponding to the lower vield exten- 
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At each fall in 


the vield front moves a constant distance into the 


sion at room temperature. stress, 
undeformed material quite rapidly. Anchoring occurs 
and the stress begins to rise again immediately. 
When the yield front has passed completely along 
the specimen, a rising stress-strain curve ensues 
which is accompanied by much more irregular 
jerky flow. 

It would appear that the detailed mechanism in 
iron single crystals is different from that in other 
single crystals or in polycrystalline iron. Metallo- 
graphic study of the initial vield in carburised iron 
single crystals indicates that a deformation front 
passes along the specimen in a manner rather similar 
to that in polycrystals [19]. The lower yield extension 
in these single crytals decreases with increasing 
temperature, and it seems probable that at the 
temperatures at which repeated yielding occurs, it is 
of the order of 0.1 per cent, which is of the same 
magnitude as the extension corresponding to each 
of the load drops. Thus the regular repeated yielding 
was not observed, since the majority of the specimen 
has been traversed by the vield front; the second 
and subsequent load drops are presumably caused 
by movement of the band front through work 
hardened material, and as a result occur at success- 


ively higher stresses. 
Conclusions 


In single cry stals of iron containing about 0.003 
per cent carbon it is possible to produce all the 
phenomena previously found in polycrystals, i.e. 


cleavage fracture, mechanical twinning, simple 


and repeated yielding, and, at sufficiently high 
temperatures, smooth stress-strain curves. 

In crystals with much less than 0.003 per cent 
carbon most of the same phenomena occur, but to a 
much less marked degree. Repeated yielding does 
not occur at all, for the time of ageing is increased 


by a factor of 10° to 10+. 
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LE CHATELIER’S PRINCIPLE AND STRESS-INDUCED 


DISPLACIVE 


TRANSFORMATIONS* 


E. S. MACHLIN and S. WEINIG{ 


\n application of Le Chatelier’s Principle to stress-induced displacive transformations has been 
made and illustrated with experimental data on a 9 per cent Mo-Ti alloy. In this case, which involves 


no measurable change in specific 


volume between product and parent phases, 


transformation is 


induced to occur along plates which on the average are parallel to the planes of maximum shear stress. 


LE PRINCIPE DE LE 


INDUITES PAR 
cipe de Le Chatelier a été appliqué aux transformations de déplacement induites par des 
a été faite avec les données expérimentales obtenues d’un alliage Mo-Ti 
ir cent de Mo. Dans ce cas, qui n'implique pas de modification mesurable du volume spécifique 


tensions. Une ill 


istration 


a 9 po 


CHATELIER ET LES TRANSFORMATIONS DE DEPLACEMENT 
DES TENSIONS 


1u passage de la phase primaire au produit final, la transformation est induite le long de lamelles 


parall les, el 


1 movenne, 


DAS LE CHATELIER’SCHE 


MODIFIKATIONSUMWANDLUNG 


Das Le Chatelier’sche Prinzip wurde auf die spannungsausgelésten Umwandlungen, die 


aux plans de tension de cisaillement maximum. 


PRINZIP UND SPANNUNGSAUSGELOSTE 


MIT ATOMVERSCHIEBUNG 


von einer 


Vers hiebut g der Atome im Gitter begleitet sind, angewandt, und durch experimentelle Resultate 


an einer 9 prozent Mo 
spezil s¢ he n Vol Ime 
Kristallebenen 


sind 


known Chatelier’s 


A little 


Principle is involved in the stress-induced displacive 


application of Le 


martensitic) transformations. (A displacive trans- 
formation is defined in this paper to be any phase 
transformation that involves a homogeneous defor- 
mation.) The purpose ol this note is to describe the 
Principle to such 


application of Le Chatelier’s 


displacive transformations and to illustrate the 
validity of the predictions with experimental data 
obtained using a 9 per cent Mo-Ti alloy. 

Certain characteristics of the displacive transfor- 
mation are important in this analysis. They are as 
follows: 


LA 


potentially exhibit all the possible permutationst{ of 


single crystal of the parent phase can 


the crvstallographic habit planes. A habit plane is the 
plane of the product plate referred to the parent 
crystal. 

2. The region that transforms also deforms homo- 
geneously. The net total transformation strain 
observed is usually different from the transformation 
strains of submicroscopic units of this macroscopic 
region. Twinning or slip,may occur in a product 
plate on a fine scale relative to the dimensions of the 
plate. The net strain observed therefore differs from 
the transformation strain. 

3. For a given single crystal of the parent phase, 
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li Legierung erlautert. In diesem Falle, in dem keine messbare 
ns der Ausgangs- und der Endphase auftritt, wird die Umwandlung langs der 
ausgelést, die im Durchschnitt den Ebenen der maximalen Schubspannung parallel 


| Anderung des 


one and only one net total strain is associated with a 
given permutation of the habit plane indices. Thus, 
for example, a system yielding an {Ahi} type habit 
will in general show twelve different net total strains 
relative to a given set of coordinates axes in the 


parent crystal. Hence, for a given size and shape 


of a product plate (i.e. of a transformed region), 
there are at most twelve possible length changes of 
the specimen along any arbitrary direction. 

+. The net total strain can be described in terms 
of the relative motions of parallel invariant planes. 
For a transformation that involves a volume change 
there is a component of motion of the invariant 
planes along their normal direction. In general, there 
will also be a shear component of motion along a 
the The 


planes are parallel to the habit planes. 


direction in invariant plane. invariant 


5. The application of stress above the M, or 
equivalent temperature activates this displacive 
transformation in the metastable parent phase for a 
transformation that occurs on cooling and vice 
versa. 

The problem is to determine whether the applica- 
tion of stress produces transformation 


products 
having preferred habit planes. If so, what are the 


analytic principles determining their choice? Le 
Chatelier’s Principle is the basis for the derivation 
of these analytic guides. It states, in effect, that the 
that the 


applied stress does the maximum amount of work. 


mode of transformation chosen is such 


In applying Le Chatelier’s Principle it is necessary 
to know whether the applied stress acts to nucleate 


the transformation which then grows out spon- 


ind 522 
522 


MACHLIN WEINIG: 


AND 


acts to propagate the 


This 


assumed to act 


taneously, or whether it 
the 
the 


“growth” of product plates. problem 


stress can be 


arises because 
either on the transformation strain associated with a 


the net total transformation 


small volume or on 


strain associated with a macroscopic region of 
transformation. As will be shown later, the displacive 
transformation investigated seems to be of the latter 
tvpe. Hence, it will be assumed that the stress acts 
upon the net total transformation strain. If trans- 
formations of the former type could be found it 
that Chatelier’s 


Principle is capable of 


appears this application of Le 


providing information as 
to whether the nucleus comprises a region of net 
strain or of unit strain of the transformation. 

Let the invariant plane strain be the most general 
tvpe possible, i.e. have a normal as well as tangential 
component. Let the normal component be ¢« and the 
tangential component be y. The work done by the 
applied stress will be a maximum when the following 


relation is a maximum 
1) 


where 7, is the resolved shear stress matching the 
shear strain component of the net total transforma- 
and go, is the resolved normal stress 


tion strain 


matching the corresponding normal strain compo- 
nent. 

In a single crystal, for an {hh/} type habit there 
are twelve ways the applied stress must be resolved. 
The particular permutation of the habit system 
induced to appear by the applied stress is that for 
which the above relation is a maximum. 


In a polycrystal, the probability is high that 


potential habit planes will be found such that the 
above relation will assume its maximum possible 
will be 


value. The situation for a uniaxial stress 


examined as follows. If @ is the angle between 
normal to the invariant plane and the direction of 
the applied stress then 


COS @ Sin a, 


= G9 COS” QA 


where a» is the applied stress. Substituting and 
differentiating to determine the value of @ at which 


equation (1) will be maximized, it is found that 
2) tan 2a = 
‘ 


For the case where « = 0, equation (1) will be a 


maximum when the invariant plane lies along the 
the solution of 


plane of maximum shear stress, i.e. 
15°. 


experimental 


(2) isa = 


An 


investigation to check 


proposed application of Le Chatelier’s Principle 


STRESS-INDUCED 


the 


the 


TRANSFORMATION 18] 


alloy. 


Mo-Ti Che 


diffusionless transformation in this system is from a 


was made using a 9 per cent 


re) body-centered cubic lattice to an a’ « lose-pac ked 
hexagonal lattice. This transformation occurs with 
an extremely small volume change. For the purposes 
of this investigation the normal strain e can therefore 
be taken equal to zero. In this case, it would be 
expected that the first plates induced by stress in a 


h ibit 


parallel to the planes of maximum shear stress 


polycrystal would form with their planes 


[he specimens were cut from an 150 gram double 
arc melted ingot composed of commercial process A 
titanium and high-purity molybdenum. They were 
cold rolled and then cut to 1” 
eenized in evacuated vvcor at 0.1 
1000°C. They were then step-quenched in 


homo- 
microns for 24 


hours at 
3 seconds followed by a 


liquid lead at 700°C for |] 


direct quench into water. This treatment resulted 


matrix at room temperature 


in an apparently all-@ 
and thereby facilitated the investigation 

Stress was applied in bending, torsion, pure shear, 
and tension to vary the orientation of the maximum 
shear stress plane. A distribution curve, showing the 
number of plates, the normals to which have angles 
between a and a + da to the neutral axis, is given 
in Figure 1 for plates induced by bending stress. 


20 


PLATES 


THE NORMAL TO 
AND 


PLATES 
ANGLES BETWEEN 
AXIS 


NEUTRAL 


NUMBER 
HAVING 


60 90 
DIRECTION NORMAL 


NEUTRAL 


X BETWEEN 


HABIT PLANE AND AXIS 


distr ol pha prime plat 


Mi i alloy 


l Habit 
Stabilized 9 per 


\ two-surface analysis was used to determine this 


angle [1]. In this case the plane of maximum shear 


stress at the extreme fiber is at 45° to the neutral 


axis. As shown in Figure 1, the distribution has a 


maximum about 45°. A random distribution in this 


case would correspond to a horizontal line. Thus, the 


— 
ar 
3 = 
80 
Tf, = 2 
ANGLE 
FIGURI es I 
bending t alloy 
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distribution obtained is evidence for the operation ol 
Le Chatelier’s Principle in 


transformation. Further evidence for the appli- 


cability of this principle is given Figure 2 which 


shows the habit plane traces in a specimen subjected 


to a torsional twist about the vertical axis. In this 


case the planes of maximum shear stress lie normal to 


and parallel to the axis of twist. As shown, the habit 


planes are parallel to these planes of maximum sheat 


Further investigation for the cases of uniaxial 


stress. 
tension and pure shear showed this same correlation 
between habit plane 


the 


‘s and planes of maximum shear 


stress. Thus, Chatelier’s 


application of Le 


Principle to stress-induced displacive transforma- 


tions is consistent with experimental result 


) 


An interesting illustration of point 3 of the intro- 


duction is presented in Figure 3. Here a single 
entire ction 


Ac cording 


the 


crystal occupies the Cross-st over part of 


the specimen length. to point 3, one would 
given 


to the 


expect that because sense of shear in a 


reverses on crossing from the tension 


the 


plane 


compression side of neutral axis, plates ol 


produc ed 
250 


prime plates 


to bottom of 


torsion, 


ed by 


page 


different permutation of the habit system would be 
induced on the compression side as compared to the 


Both 


close to the maximum shear stress plane as possible. 


tension side. however would probably be as 


As shown in Figure 3, the habit plane traces do differ 
comparing both sides of the neutral axis. Because of 
the sensitivity of the habit induced by the applied 
stress to the plane of maximum shear stress, direction 
of maximum shear 


stress, and magnitude of maxi- 


TRGICA 


a stress-induced displac ive 


VOL 


FiGuRE 3. Strain-in prime 
trix; specimen ben compression; 


30 X, reduced by ) In reproduction. 


2], it appears that this pheno- 


mum shear stress 
menon has potential use in three-dimensional stress 
analysis studies. 

thick- 
the 


ppre aching 


Another interesting point is that the plate 


ness seems to be a function of the magnitude of 
stress, disappearing to zero thickness on a 
the Che 


this alloy the applied stress controls the extent of 


neutral axis. latter point that in 


suggests 


This observation 
the 


transformation of a single plate 


supports the assumption previously made in 


analysis concerning the role of stress on the 


ditt 
Summarizing, 


applied 
usionless transformation in this alloy system. 

the stress-induced displacive trans- 
Mo-Ti 


described bv Le 


formation in a stabilized 9 


the 


per cent alloy 


forms in manner Chatelier’s 


Principle. It sted that this phenomenon can 
the the 


stress-induced displacive transformations that pro- 


is SUg 


be useful in baer nature of nuclei of 


pagate without 
field. 


has potential use in three-dimensional stress ana- 


being affected by the applied stress 
Further, it is suggested that this phenomenon 


ly sis. 
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INTERNAL FRICTION OF IRON AND MOLYBDENUM AT LOW 
TEMPERATURES* 


LO-CHING CHANG and M. GENSAMER?{ 


An internal friction peak has been found in iron at about 100°K, and possibl; 
about 300°K. These internal friction peaks occur at temperatures corresponding 
brittle transition of these materials in slow tension tests. The possible role of hy 
the 100°K peak in iron is briefly discussed. 


LE FROTTEMENT INTERNE DU FER ET DU MOLYBDENE AUX BASSES 
TEMPERATURES 


Une bosse a été trouvée aux courbes de frottement interne du fer aux environs de 100°K et 
bablement du molybdéne aux environs de 300°K. Ces bosses se présentent aux tempt 
pondant a la transition de l'état ductile a l'état fragile de ces matériaux dans des essais le 
sion. Le réle possible de l’hydrogéne dans la produc tion de cette bosse a 100°K dans le fer 


ment discutée. 


rat 


INNERE REIBUNG BEI EISEN UND MOLYBDEN BEI TIEFEN TEMPERATUREN 


Ein Dampfungsmaximum wurde fiir Eisen bei etwa 100°K und méglicherweise fiir Molybdet 
bei etwa 300°K gefunden. Diese Maxima treten bei Temperature 
mit diesen Metallen entsprechen. Der Einfluss, den Wasserstoff 


hat, wird kurz disk 


iul, die dem | ‘reang formbar- 


spréde in langsamen Zugversuchen 
moglicherweise auf das Entstehen des 100°K Maximum im Eise 


The internal friction of iron and molybdenum diagram of the apparatus is shown in 


above room temperature has been studied by a The specimen D is mounted upright in collets; the 


number of investigators. Internal friction peaks (at top collet is integral with the mass B, made of 
frequencies of about one cycle per second) have been 
reported by Ké [1] for iron: (a) at 300°K, associated 
with the stress-induced preferential distribution of 
nitrogen atoms (the corresponding peak due to 
carbon atoms takes place at a slightly higher 
temperature); (b) at 500°K, due to “stress-induced 
diffusion of nitrogen atoms within some peculiar 
type of stress regions created in the specimen after it 
was subjected to cold work’’; and (c) at 750°K, due 
to grain-boundary relaxation. Maringer and Mueh- 
lenkamp [2] have found an internal friction peak in 
molybdenum at about 1000°K, which is believed by 
them to be associated with the stress-induced 
ditfusion of nitrogen atoms in solid solution. Little is 
known of the internal friction of these metals 
below room temperature. In the course of a study of 
the mechanism of low temperature brittleness in 


metals and alloys in this laboratory, an internal 


friction peak has been found in iron at about 100°K, 
and possibly in molybdenum at about 300°K. 
A low frequency, direct recording, internal 


friction apparatus has been constructed for the study 
of internal friction of metals at low temperatures, in 
which the specimen is strained in bending rather than ial. 
torsion. This arrangement permits the use of short apparatus 


specimens easily machinable from cylindrical rods, 


at frequencies near one cycle per second. A schematic — brass, and the bottom collet is part of a solid copper 


——- rod C mounted rigidly in the table top A. A small 
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cylindrical soft iron rod G, attached to the mass B, 


acts as the core of a Schaewitz differential transformer 


| 
“ 
| 
| 
Schemati d the 
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coil H. The whole unit is enclosed in a glass bell jar 
F. The mass is set into oscillation by a pusher which 
is not shown in Figure 1. The motion of the iron rod 
G, which for small vibrations varies linearly with 
the strain amplitude in the specimen, is continuously 
recorded by a Sanborn hot-wire recording oscillo- 
graph. 

A detailed drawing of the specimen is shown in 
Figure 2. A 


copper-constantan thermocouple is 


Section A-A 


FIGURE 2. Specimen 

inserted into a small hole drilled into the specimen 
ita point J about 9 mm. from the center point I. 
Temperature differences between I and J at various 
cooling rates are predetermined by simultaneous 
measurement at both points with two thermocouples. 
During a damping experiment only the temperature 
it point J is measured. 

Heating of the specimen is provided by passing a 
current through nichrome wires wound around the 
copper rod C. Cooling of the specimen is provided 
by flushing liquid nitrogen directly at the lower 
collet. This has proved very successful in avoiding 


condensation on the specimen. The internal 


10 16 
Time -Secondas 


18 20 22 24 2 


typical logarithmic amplitude versus time 


friction of a given specimen under atmospheric 
pressure and under a pressure of a few microns is 
negligibly different. The lowest observed internal 
friction of the present apparatus with iron specimens 


RGICA, 


VOL. 1, 1953 


is about 0.0004, which is about half of that observed 
by Ké [1] with his torsion apparatus. This shows 
that 


apparatus losses, and magneto-mechanical damping 


the total background due to air damping, 


in the case of iron specimens, is considerably less 
than 0.0004. The maximum amplitude of vibration 


Internal friction "04 


Freguenc y 2-3Cycles/Sec 


140 160 
Jemperaoture , 0eg3. Kelvin 


FIGURE 4. 
lytic iron. 


Internal friction versus temperature, electro- 


of the specimen corresponds to a maximum tensile 


or compressive stress of about 10° dynes per sq. 


cm. (not over 2,000 psi). A typical amplitude versus 


time curve is shown in Figure 3. 


Typical internal friction versus temperature 


Fracture Stress, /000ps1 


8 


S 


Ss 


Freduction in Area, per cent 
S 


Temperature, begs Kelvin 


FIGURE 5. 
versus temperature, 
from [3 


Internal friction and mechanical properties 
0.20 per cent carbon steel (tensile data 
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curves for polycrystalline electrolytic iron, plain 


carbon steel containing 0.20 per cent carbon, and 


Westinghouse arc-cast molybdenum specimens are 
shown, respectively, in Figures 4, 5, and 6 (upper 


portion of Figures 5 and 6), each showing a broad 
peak followed by a fairly rapid drop of internal 
friction at lower temperatures. The internal friction 
peak for iron and steel specimens occurs at about 
100°KK and that for molybdenum at about 300°K. 
It is interesting to note that these peaks coincide 
the onset of the ductile to brittle 


closely with 


57 


x/0 


Frequency 3 7 Cycles/Sec 


-/ 


trternal Friction Q 


fracture Stress, 


$ 
N 
& 


Temperature, kelvin 


mechanical I rties 
1 
| 


arc-cast molybdenum 


Internal friction and 
Westinghouse 


FIGURE 6. 
versus temperature, 
tensile data from |4 


re pe 


transition of these materials in slow tension tests. 
For purposes of comparison, the fracture stress- 
temperature and the ductility-temperature curves 
of similar materials are incorporated in Figures 5 


and 


6 (lower portion of each figure) [3; 4]. 

The 100°K internal friction peak in the 0.20 per 
cent carbon steel is probably associated with the 
presence of hydrogen in alpha iron. The internal 
friction-temperature curve for the 0.20 per cent 
carbon steel after annealing at 975°K for 40 hours 
under a pressure of about 10-' mm. of mercury is 
shown in Figure 7(a). The curve for the same speci- 
immediately after pickling in 50 cent 


men per 


INTERNAL 


FRICTION IN Fe AND Mo 485 
hydrochloric acid for 4 hours at room temperature 
is shown in Figure 7(b). The specimen, after pick- 
ling, was again annealed at about 775°K for 4 hours 
under a pressure of about 5 X 10-8 mm. of mercury, 
and its internal friction-temperature curve is shown 
in Figure 7(c). The background internal friction, as 
I8O°K, is difficult to 
that the 
L00°K is 
greater in acid-pickled specimens than in vacuum- 


measured for example at 


reproduce; but there seems no doubt 


magnitude of the internal friction peak at 


annealed specimens. The role of hydrogen in alpha 


] 


lnternal Friction Q'« 
GAR 


~ 
~ 


S 


(c) 
120 /40 160 


Temperoture,Degrees Keivin 


hydrochloric a¢ 


5 X 107° mm. 


d 


iron is probably similar to that of carbor 
gen at higher temperatures. Further inve 


the nature of these intern 


progress in this laboratory 


Note Added in P 


root 


irbon steel 


Recent experiments on 0.20 per cent « 


that annealing in hydrogen it 


specimens show 


about 875°K under a pressure of 60 


itmospheres 


1 more pronounced increase of the 100°K 


results in 


internal friction peak than acid picklin 
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THE GROWTH OF STRAIN-ANNEAL CRYSTALS OF PREDETERMINED 
ORIENTATION* 


G. K. WILLIAMSON and R. E. SMALLMAN}{ 


Che principles involved in the growth of met 
discussed, with particular reference to the effect 
furnace, innealit g textures, shape ind preparatio 
ance with these principles, is described, and with i 


can be reproduc ibly grown in superpure > ty Of 


LA PRODUCTION DE CRISTAUX D’UNE ORIENTATION 
LA METHODE ECROUISSAGE-RECI 


Les princip implig 1és da 1s la 


re¢ ristallisation sont dis uté, en s’ar! 
ture, de la vitesse du four, des textures de re 


dest ription est donnée d’un four co Cu suivant 
reproductibilité, des cristaux oblongs de forme 


iluminium trés pur (> 99,99 pour cent) et « 


DIE ZUCHTUNG VON EINKRISTALLEN MIT VORBESTIMMTER ORIENTHI 
NACH DER GLUHVERFORMUNGSMETHODI 


Die grundsatzlichen Erscheinungen beim Ziichte 
verfahren werden diskutiert und zwar mit besonderer 
fall, Ofengeschwindigkeit, Gliihtexture 
diese n Regeln geba it W irde, Wit 
jeder gewiinschten Orientierung aus Rei 


rungen geziichtet werde: 


1. Introduction 2. General Factors Influencing the Growth of 
Metallic single crystals grown by “melt” methods Single Crystals by Recrystallisation 


see {1] for review) usually possess lineage structures Suppose that a travelling furnace moves over the 
(2] and uneven surfaces. Recrystallisation methods specimen with a speed : di/dt and has a tempera- 
however are superior in these respects and have the — ture gradient S d7I/dl where / is measured along 


additional advantage that they can be used for the specimen length. The temperature 7 


growing single crystals in metals having phase’ interface where the crystal growth is 


transformations below the solidus, as in iron. Two is related to » velocity 


recrystallisation methods are possible; in the first, which equals v, and 

the crystal is grown by secondary recrystallisation process with activation energ\ 
into a matrix with a very pronounced annealing 
texture, the matrix being either strained [3] or 
unstrained [4]; and in the other, the crystal is ee 2 
grown into a strained matrix having only slight 

preferred orientation. In both methods the specimen 

is usually first annealed to a fine recrystallised 


grain size, slightly strained (1-3 per cent tensile Let the probability of forming a nucleus in 


strain) and then annealed at a gradually increasing volume at a temperature 7 during an increment of 
temperature [5]. This last anneal is usually given ina time dt be p(7) dt. Then, assuming for simplicity 
stationary furnace, but a travelling furnace is that S is a constant from 7 0 tol I’,, a small 
preferable since simultaneous nucleation at many element of volume Ad/, which at time f is at the 
points is prevented, and the temperature gradients lowest point of the temperature gradient 
are more readily controlled. For the production of a probability of nucleation given by 
single crystal, all growth must originate from a single 
nucleus, and one purpose of this paper is to discuss 
factors which may altect, directly or indirectly, the 
formation of other active nuclei. 

*Received April 22, 1953. 
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dt 


where J is the volume of the specimen. If nucleation 
is also considered to be an activated process, only 
those regions having the lowest activation energy 
QO, need be considered, and if the probability of 


finding such regions in unit volume is C, then 
—Q,,/k7 


C exp 


D = 
In this case p(T) is such a steep function of tem- 
perature that the integral in equation (4) is reason- 


able even if S is constant only at temperatures just 
below 
Equation (4 
is large as it must be if the probability of nucleation 


as in most experimental arrangements. 
has an asymptotic solution if Q,/RT, 


is to be small); thus* 
T, exp (— Q,/kT,) CVk 


P 


B Qn’ Qo CVO; 
Sv(In (B/v))" Q, 


crystals, conditions 


value of P is 


single 


that 


the growth of 


maintained so 


For 
must be the 
vanishingly small. 

The importance of some of the factors in equation 
(6) has been known for some time, e.g. Schmid and 


Boas 5] 
known to be more difficult to produce than small 


recommend temperature gradients (i.e. 


: furthermore crystals of large volume V are 


ones. An interesting feature disclosed by equation 6 
is the strong influence which the activation energy 


ratio Q,/Q, exerts on the importance of the velocity 


If the preparation of the specimen is such that 


Q,,Q, is appreciably greater than unity (as both 


x 


show to be 


intuitive arguments and equation (6 
desirable), then P is reduced by a reduction in 2, if 
this latter is smaller than B. This result contradicts 
the intuitive notion that a slow furnace speed would 
make P larger by allowing more time for nucleation 
at each temperature. Although such an effect exists 

| ‘v in equation (6)), it is generally outweighed by 
the remaining factors in equation (6) which reflect 
which is also 


reduced by a reduction in velocity (equation (2) 


the strong dependence at. P upon 7 


Some experimental separation of these variables is 
possible. Suppose that the specimen has a —, QO, 


value appreciably greater than unity, then a furnace 


*Whittaker and Watson |14 
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with either too small a temperature gradient or too 
great a velocity may fail to produce a single crystal, 
and this defect can be remedied by a practicable 
reduction in the velocity. If however Q,/Q, is equal 
to or less than unity, no practicable reduction in the 
velocity will produce an appreciable reduction in the 
probability of nucleation, and attention must be 
directed towards improvement of the preparation of 


specimens so that O0,/QV is raised. 


3. Annealing Textures and Their Effect on B 


The factor B in equation (1) represents a limiting 
growth velocity, and, in practice, no single crystal 
can be grown if v approaches B since the term 
(In (By v approaches infinity. 
Studies of Beck 
(6; 7] have shown that the value of B is very sensitive 


in equation (6 

secondary recrystallisation by 
to the crystal orientation if there is a pronounced 
preferred orientation in the samples, the rate of 
growth being greatest when the orientation of the 
crystal is rotated from 30 to 40° with respect to the 
original orientation or texture. In cases where such 
orientation relationships hold, single crystals are 
readily grown because of the great increase in the 
permissible velocity v. Physically this corresponds 
to a reduction in 7, for a given value of v, so that the 
probability of nucleation is decreased. On the other 
hand, for crystals with orientations near to that of 
the texture or its twin, the factor B appears to be 
very small, and the growth of such crystals is 
difficult. 

The 
(P constant 
estimated if it is assumed that B depends on the 


relative differences in P (v constant) or 7 


for these two extreme cases may be 


degree of disorder at the crystal boundary. A high 


angle boundary (30 to 40° rotation) may be thought 


of as a continuous (monatomic) layer of disordered 
atoms. Each atom in the boundary is near to an 
irregularity analogous to a vacant site so that 
atomic migration in the boundary layer is rapid. 
The effective density of vacant sites in this layer is 
about 107!. It is unlikely that a low angle boundary 
contains any such disordered layer since it may be 
considered as a wall of dislocations. The only effec- 
tive vacant sites available for atomic migration are 
those in thermal equilibrium, and, until the melting 
point is reached, their density usually does not 
exceed about 10 

The limiting velocity B should be proportional to 
the density of vacant sites on the boundary and thus 
vary by a factor of about 10* with changes in crystal 
orientation. If all the other factors in equation (6 


are kept constant then P would increase by a factor 


{SS 
o(tSv) 
= V Pp t.Sz dt 
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of more than 10* on going from a high to a low 


angle boundary, when Q,/Q, = 2 


(an approximate 
value extrapolated from results of Anderson and 
Mehl [8]). Alternatively, the velocity v would have 
to be reduced by a factor of more than 10° in order 
to keep P constant in these circumstances. In 
practice, such a range of furnace velocities is too 
large to be practicable and it is not surprising that 
it has been reported that crystals cannot be grown 
into ‘‘low angle’’ orientations [3]. This is the great 
disadvantage of the secondary recrystallisation 
method. 

In the 


grown into a material with little preferred orienta- 


alternative method where a crystal is 
tion the value of B varies as the interface moves from 
grain to grain. The effective value of B will be 
intermediate between the two extremes discussed 
above and corresponds to the formation of a single 
crystal network surrounding, and capable of slowly 
absorbing, grains with low B values. The value of B 
is no longer dependent on orientation, and _ all 
orientations may be grown under a standard set of 
conditions. These are, however, more critical than 
crystals grown by 


fact, 


those required for “high angle” 


secondary recrystallisation. In these latter 
crystals grow readily in the experimental conditions 
described in section 4, where the effects of specimen 
shape prevent growth in the absence of texture. 
All such crystals are within 2° of a constant orienta- 
tion and renucleate to the original orientation if any 
attempt is made to change it (section 6). These 
results demonstrate the steep orientation depen- 
dence of B in this case, and they cannot be explained 


by an “oriented nucleation” theory alone. 


4. Nucleation and the Effect of Specimen 
Shape 


theories suggest that nucleation is the 


Recent 
polygonisation of regions of severe lattice bending 
(9:10) the 
different 
grains. The activation energy Q, in equation (5 


which are formed to accommodate 


modes and degrees of slip in adjacent 


depends on the radius of curvature of bending, 
and the factor C represents the probability of finding 
a region of such curvature. Although equation (5 
ought to be generalised to include a whole range of C 
and Q, values, the present simple form is adequate 
here since the regions of lowest Q, produce the nuc- 
leation most difficult to avoid. 

In a polycrystal every. grain is constrained to a 
certain extent to deform equally with its neighbours, 
this constraint being exerted through the boundary 


where it joins these neighbours. At places in the 
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grain which are remote from this boundary the 


deformation is unconstrained until the strain 


gradient, which is set up near the grain boundary, 


reaches back to them. The smaller the area of grain 


boundary and the greater the free surface, for a given 
grain size, the more intense is this gradient expected 
deforma- 


to be, i.e. the more inhomogeneous is the 


Grains totally enclosed in the 


ingle bor. 


tion near the boundary 
specimen have boundaries Ove! 1 solid 
en losed over 2r and those 


Hen 


erains 


those at the surface are 


at a tree edge over 7. we expect most 


heterogenity in the latter ind le 


interior ones. Nucleation is thus most probable at 
the edges, and least probable inside the specimen 

No theoretical prediction ol the relative impor 
tance of these sources of nucleation appears to he 
lo ictically, 
commercially-pure 
500 


possible. investigate this point pi 


strained aluminium specimens 


rx tax mm. were carried on a nickel strip 


dia 
No 


attempt was made to produce a high gradient S. A 


turnace | 


630" 


through an open-ended 


having a maximum temperature of 


coarse polycrystalline structure (Figure la) was 
obtained over ranges of strain trom | to 3 per cent 
the 


and of v from 6 to 1 cm/hr. The form taken by 


crystal boundaries is consistent with growth being 
descent through the 


Nucleation appt 


in the direction of steepest 


furnace gradients (Figure 1) irs 


to be entirely at the edges. It mav thus be concluded 


that specimens having only one surface 


should be convertibl to single crvstals 


The use ol rod or strip presents 


difficulty. square 


more difficulty since no direct way of suppressing the 
the deformation the ed 


greater scatter ol 


vossible. The difficulty is, however, avoided 


secondary recrystallisation method because 


can proceed at temperatures too low for 


nucleation 


LS IT 
LLL 
a 
| 
D 
therms ( ] car il Te ™ 
the arrows represent direct tal ore ] 
— = 
with least 
in tlh 
el 


£90 .LURGICA, 


A practical way of preventing the edge nuclei 


from becoming active is to keep the edges cool until 


the adjoining specimen has grown into a crystal 


capable of slowly absorbing any nuclei, but not of 
supporting their growth. A furnace whose gradients 


satisfy these conditions for specimens wide and 


1 mm. thick is described in section 6 and with it 


long crvstals mav be grown consistently in, for 


example, aluminium and its alloys. 


5. Preparation of Specimens 


both sensitive to the 


he presence of a 


[he factors V and C are 
preparation of the specimen. T 
element, as in 


grain-refining commercially-pure 


aluminium, raises C, and stress concentrations at 


defects produced during rolling or casting lead to 


low values of Q,,. Apart from such obvious difficulties, 
the annealing treatment prior to straining is respon- 
sible in a great many cases for failure of the strain 
recrystallisation method; in fact, it appears to 
be the most critical part ol the process. Any recover- 
ed, but unrecrystallised, regions remaining in the 
specimen after annealing will almost certainly serve 
as active nuclei during the subsequent attempt to 
oTOW single crystal. Work on annealing textures 
that low- 

500°C 


which is 


has shown (see Barrett |11] for summary 


temperature annealing of aluminium 


generally produces no change in texture, 
\nnealing at 
that 


stable, even in the 


extensive recovery. 


suggestive of 


the 


temperatures suggests 
recovered material is relatively, 


of recrvstallised erains. Since the erowth 


presence 
of single crystals appears to De so sensitive to the 


presence ot recovered regions, ever\ possible pre- 


1 


caution must be taken to ensure that the specimen 


scompletelv recrvstallised.*One method of achieving 


this, which can be often emploved, is to retard the 


dislocation movements necessary for large scale 


recovery by introducing 0.1 per cent impurity or 
more; the conditions for complete re¢ rystallisation 
ire then less stringent. In this sense the factors C 


ind Q, are sensitive to purity, high C/Q, values 


tending to be obtained with high-purity materials. 
For the latter, the growth of large recovered areas 
must be prevented, and this is best achieved by 


reducing the time available for recovery at a 


temperature too low for grain growth and by induc- 
ing the finest possible recrystallised grain size so that 
only slight grain growth will absorb the recovered 
» added in proof. (Received August 3, 1953.) The diffi- 
getting complete recrystallisation has been discussed 

by Beck [15] and additional experimental evidence 


the growth of single crystals 


16] for superpure iron. 


this effect 1 


lalbot el 


tance ot 


reported by 
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areas. In terms of equation (6) (which may still hold 


which is most 
and § 


vet 


approximately), P must be large, 
easily obtained by having a large velocity 2, 
must be large in the regions which have not 
started to recr\ stallise. 

A convenient and completely successful method of 
annealing long aluminium strips of all purities is to 
lower them, after reducing their reflectivity by 
coating with lamp-black, through a tubular furnace 
of high heat capacity at a speed of about 10 cm. per 
minute, the temperature of the furnace being just 
below that which would cause a moving specimen to 
melt (about 750°C for aluminium 


A completely recrystallised specimen produces 
single crystals if given a strain in the range 1 to 3 per 
cent extension. The smaller strains usually lead to 
a large number of included grains, and the upper 
limit is fixed by the rapid decrease of the ratio 
Q,,/Q 


probably be extended if slower furnace velocities 


with increasing strain [8]. The range could 


could be tolerated or a greater gradient S obtained. 


6. Furnace Designs and Control of Orientation 


As already discussed (section 4), rod specimens 


need no special furnace design; any cylindrical 


furnace with open ends will normally suffice, though 


a gradient furnace such as that used by Andrade 


and Roscoe [12] is preferable. 


FiGurE 2. A furnace suitable for the growth of crystals 
by strain recrystallisation in strip 44” wide and 1 mm. thick. 

a) A scale drawing of the heater made from 22 gauge 
‘Brightray C”’ resistance wire coiled ona *4/;,” dia. mandrel. 
The coils A, B, and & are pinned in tension to the diatoma- 
cious brick D prior to fixing in position by a thin laver of 
alundum cement. Coil A-68 turns, B-40 turns, coils 
C-28 turns. 

bh) A scale drawing of a section of the assembled furnace 
D—diatomacious brick supporting heaters, E—heaters 
partially embedded in cement, F Sindanyo asbestos board 
with twist and bend, H— 
asbestos board table, clamped to J in square sections to avoid 
warping, J—14” square mild steel supports for H. The sup- 
ports J accentuate the gradients produced by the heaters E 
because of their conduction. 


coils 


furnace supports, G—specimen 


38383 3 
A 
a b 
f the impor 
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A furnace design suitable for use with strip 1 mm. 
thick and 3” wide is shown in Figure 2. The neces- 
sary difference in temperature between the centre 
and the edges is obtained by heating the centre more 
strongly by radiation, and removing heat from the 
edges by conduction. The large furnace gap above the 
specimen table enables the specimen to be twisted 


The 


demonstrates the method of 


and bent [3; 13] to control the orientation. 


stereogram (Figure 3 


B_ 


Specimen Axis 


FIGURE 3 Stereogram demonstratin 
crystal orientation; the primitive of tl 
plane of the strip. 

a) The production of a (111 
a crystal with the orientation shown requires a twi 
the specimen axis, and a bend Y about a perpendi 
n the plane of the sheet. 

D rhe produ tion of a « rystal with a 
nd 


plane paralle 1 to the s 


tion requires a twist a followed by a be 
direction coincides with the specimen axis and is 
further twist which a (111) plane parallel t 


naffected 


by a gives 


obtaining a partial control (e.g. a crystallographic 
and a complete 


latter, 


plane parallel to the sheet surface 
the 


control of since a 


the orientation. In 
bend about an axis perpendicular to the surface of 
the strip is not possible without introducing further 
nucleation, it is necessary to get the required 
crystallographic axis parallel to the specimen axis 
before twisting the plane into the parallel position. 
Bends of up to 20° and twists of 30° may be carried 
out simultaneously. 

The furnace is adjusted to a temperature about 


10° below that at which a small portion of the speci- 
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melts, 
1000°¢ 


men the temperature of t 


ibout Che lowe! 
it compensates for some 


thereby allows reasonal 


for, and increases the life 
Generally, it should dissipate 
of the uppel heater 


With 


single ( rvstals 


precautions discussed 


the 
thi K 


two feet long or more) | 


and 4” wide have been grown in high purity (99.992 


, commercial purity (99.7 


per cent pel eT 


alloys of aluminium 
less than 2 per cent of either copper, zin 
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ZUR REAKTIONSKINETIK VON AuCu UND AuCu,* 


DEHLINGER? 


riihere Versuch ist die 


Geschwindigkeit der 


Umwandlung regellos-regelmassig und die 


» des Zwischenzustands in gestérten Kristallen kleiner als in ungestérten. Dies wird darauf 


dass sich a die 


Stérung n abbricht. 


sstelie 
Material sind die 


ON THE 


g t previous experime its the 
smaller 
ucleation is followed by a chain 
of atoms in a thermodynamically 
ha the order of reaction 


can be expectec 


SUR LA CINETIQUE 


res des expériences anter 
] 


1eures, 


Keimbildung 
Dann ist die Zahl der 
ungestOrten Kristall sehr viel grésser als die Reaktionsordnut 
Verhaltnisse der normalen 


KINETICS OF 


rate ol 
in deformed crystals than in undeformed crystals 
reaction which stops at the point of deformation 
stable i 

for nucleation. I 


la vitesse de 


Kettenreaktion (wandernde Versetzungen 
\tome eines thermodynamisch 
ig der Keimbildung 
Zu erwartel 


eine 


Keimbildung 


AuCu AND AvuCt 


disord and > de 
[his is explained by the fact 
Che 
undeformed crystal is then much 
ormal conditions of 


-r-ordet isity of 


transiormatio 


nucleus in an 


stronglv deformed material, 


DE AvuCu ET AvuCt 


transformation désordre-ordre et la densité des 


ont plus petites dans des cristaux déformés que dans ceux qui ne le sont pas. Ceci est expliqué 


it que la germination 


que l’ordre de la pour la germination 


réaction 


est suivie d’une réaction en chaine qui s’arréte au point de la déformation 
wre d’atomes, dans un germe thermodynamiquement stable, est alors beaucoup plus grand 
Dans de la 


matiére fortement déformée on peut 


s'attendre a des conditions normales de germination 


Die 1930 begonnenen Untersuchungen tiber die 
Kinetik des Ubergangs einer regellosen in eine 
regelmadssige Atomverteilung bei AuCu und AuCus; 
gehoren zu den friihesten Hinweisen darauf, dass bei 
den Umwandlungen im festen Zustand der Metalle 
neuartige und von dem hergebrachten Schema der 
Keimbildungsvorgiange wesentlich verschiedene 
kénnen. Trotzdem sind 


Mechanismen vorkommen 


diese Vorgange noch nicht hinreichend 


Zwar ist 


der R6ntgenlinienbreite, der Warmeté- 


bis heute 


aufgeklart. durch die vergleichenden 
Messungen 
nung und des Widerstands durch Sykes und Jones 
1] die 


besonders kennzeichnenden Zwischenzustands wohl 


atomistische Deutung des fiir die Vorgange 


gesichert, aber die bei einem Vergleich der experi- 
mentellen Arbeiten auffallende Abhangigkeit der zu 
diesem Zustand iiihrenden Vorgiainge von der Gefii- 
seausbildung hat noch keine Erklarung gefunden. 
Svkes und Jones erwidhnen in dieser Richtung, dass 


\uCu 


veriormten, 


bei die Umwandlungsgeschwindigkeit eines 
also stark gest6rten Materials wesent- 
lich kleiner ist als die des von ihnen sonst beniitzten 
erobkérnigen vielkristallinen Zustands. Feinere und 
besonders auffallende Unterschiede zeigten sich bei 
AuCu: 


von Dehlinger 


den Einkristallen von 
Die 


und Graft 


Untersuchungen an 
Roéntgeninterferenzaufnahmen 
2| stammen von Kristallen, die unmittel- 


bar der Schmelze geziichtet waren und die 


aus 


ng und Institut fiir 
Technischen Hoch- 
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Umwandlung zum erstenmal mitmachten, wahrend 
Oshima und Sachs [3] Einkristalle und vielkristal- 
lines Material bentitzten, die durch vorhergegangene 
hatten. 

einen 


Umwandlungen Gitterst6rungen erhalten 


Infolgedessen finden Dehlinger und Graf 


nahezu ‘‘stetigen”’ Ubergang aus der regellosen 
Verteilung in den Zwischenzustand, d.h. es ist an 
jedem Zeitpunkt nur ein einziges Achsenverhaltnis 
c/a vorhanden, dessen Wert sich im Lauf der Zeit 
stetig 4ndert, wahrend Oshima und Sachs Werte von 
c/a in der Nahe des Anfangswerts und des Endwerts 
nebeneinander finden (sogen. zweiphasige Umwand- 
Grat 


Uberstruk- 


lung). Ausserdem finden Dehlinger und im 


Zwischenzustand wesentlich breitere 
turlinien als Oshima und Sachs und auch als Svkes 
und Jones. 

Wenn man nach Sykes und Jones den Zwischen- 
zustand als dasjenige Stadium der Umwandlung 
ansieht, in dem die im Innern angelegten ‘‘Kerne”’ 
der regelmdssigen Verteilung zusammenstossen, 
wobei sie sich in der ‘Phase’ der Verteilung und bei 
AuCu 
Achse 


Uberstrukturlinien umgekehrt proportional der Aus- 


der Orientierung der tetragonalen 
Breite 


auch in 


unterscheiden, und wenn die der 


dehnung dieser Kerne ist, dann bedeutet der er- 


wahnte Befund, dass die Kerndichte im ungest6rten 


Einkristall grésser ist als im gestOrten Einkristall 
und im vielkristallinen Material. 

Dieses experimentelle Ergebnis ebenso wie die 
kleinere Umwandlungsgeschwindigkeit des vielkris- 
tallinen und verformten Materials zeigt unmittelbar, 


dass die ‘“‘Kerne’’ der Uberstruktur sich durch einen 


ich 
1 schliesst, die an 
stabil Keims 1m 
I stal gestortem 
\ 
\ccol 
ICieCl di 
par |e ta 
Le noml 
*Re eived 23, 1953 
Max-Planck-Institut fiir Metallforschu 
theoretisch: d angewandte Physik der = 
schule Stuttgart 


DEHLINGER: 


andern Mechanismus bilden miissen als die Keime 
bei der Erstarrung von Schmelzen oder der Konden- 
sation von Dampfen, wo bekanntlich Stérstellen die 
Reaktionsgeschwindigkeit und die Keimzahl erhé- 
hen. Ganz allgemein ist ja die Keimbildung eine 
Reaktion n-ter Ordnung, d.h. eine Kombination von 
n statistisch unabhangigen atomistischen Ereig- 
nissen, durch die ein thermodynamisch im Gleich- 
eewicht befindliches Gebilde entsteht. Dabei ist 
von der Gréssenordnung zehn. Wenn nun, was bei 
selbstverstandlich 


Atome 


Keimbildung als 
Zahl 


gleich oder nahezu gleich der Reaktionsordnung ist, 


der tiblichen 


angesehen wird, die der beteiligten 


Keim ein 


Gebilde, fiir 


ist der thermodynamisch §stabile aus 


Ww enigen Atomen zZusammengesetztes 


dessen Stabilitét die Oberflachenenergie und damit 


auch die lokalen Stérstellen entscheidend sind. 


Anders liegen die Verhaltnisse, wenn wir annehmen, 


eine Reaktion niederer Ordnung infolge 


dass 
mechanischer Kopplung der Atombewegung 


Zahl Atomen 


Kettenreaktion eintritt. 


sehr von erfasst, also 


Ein solcher Vorgang wird 
an den Gitterst6rungen unterbrochen. Da aber jetzt 
das ganze, durch die Kettenreaktion entstandene und 
mindestens in einer Dimension 
Gebilde als Keim zu betrachten ist und auf thermo- 
wird, 


dynamische Stabilitat gepriift 


Oberflachen- und Spannungsenergie umso weniger 


in Frage kommt, je grésser dieser Keim ist, wird 
jetzt der Vorgang durch Gitterst6rungen gehemmt 
und mit kleinerer Geschwindigkeit verlaufen. 

So kommen wir zu folgendem Bild fiir die Vor- 
gange in einem unter die Gleichgewichtstemperatur 
regelmassig-regellos abgeschreckten, zunachst als 
ideal, aber endlich betrachteten Kristall der Zusam- 
mensetzung AuCu AuCu 


Verteilung: An einzelnen Stellen im 


oder mit regelloser 


Innern des 


Kristalls bilden sich kleine geordnete Bereiche. 


Auf 
Spannungen ausgetibt, die sie in die geordnete Lage 
Die 
trotzdem 


die Atome an ihren Grenzen werden dann 


zu ziehen  versuchen. gesamte Energie der 


Bereiche nimmt zundchst mit zuneh- 


mender Bereichsgrésse zu, da der geordnete Zustand 
AuCu 


als der ungeordnete. 


ein andres Eigenvolumen, bei auch ein 


andres Achsenverhaltnis hat 
Wenn aber die Grenzen des Bereichs in die Nahe der 


Kristallgrenzen kommen oder wenn verschiedene 


geordnete Bereiche sich nahe kommen, nimmt diese 
Energie wider ab. Daher ist fiir den Beginn des 
Wachstums die Aufeinanderfolge einer Reihe von 


statistischen Schwankungen ndtig; sie leiten die 


Kettenreaktion ein, die dann bis zur Ausbildung der 


Kerne des von Sykes und Jones beschriebenen 


REACTIONKINI 


eine 


eine 


makroskopische 


und da die 


rIK VON AvCvu UND Avt( 


Zwischenzustands ohne neue Schwankunge! 
schreitet. Die Geschwindigkeit dieses Vorgar 
wesentlich grésser als wenn die Umsetzung von ‘ 
und Kupferatomen wie bei der normalen Dit 
bei jedem Atompaar durch 

eingeleitet wiirde. 

Da wandernde Versetzungen, bei denen di 
Uberschreiten der jeweiligen Potentialbet 
wendige Schwellenenergie durch mechanische 
lune weitergegeben wird, stets eine sol he 
reaktion darstellen, wird es wohl méglich sei 


hier das Fortschreiten der Umsetzung durcl 


ceeigneter 


bination Versetzungen geometriscn 


zustellen. Vermutlich wird damit eine | 


tende Reihe von Gitterl6échern verbundet 


en Vorg 


ermdéglichen \ucl 


den diffusionsartig 


miissen, die 
Substitutionsmischkristall 
Stufenversetzungen des plastischen Gleitens 
stabil und k6nnen sich Lusbré 


erst spontan 


wenn sie eine bestimmte Minimalausdehr 
schritten haben |4 
Nach 


Gleichgewichts kann 


den Gesetzen des thermody: 


selbstverstandlich 
die Kettenreaktion gvebildete Zwis henzust ind 


dann bestandig sein, wenn seine frei 


kleiner ist als die des regellosen \usgangszustal ds 
Wenn also der Zwischenzustand frei von Spannun 


gen ware, kénnten die beschriebenen Reakt 


unmittelbar nach Uberschreiten der Gleichgewichts 
temperatur regelmassig-regellos einsetzen, wahrend 
die bei der Entstehung der Kerne iiberschritt 


son- 


Energieschwellen nicht die Einsatztemperatur, 
des Voreg hee 
der Zwischenzustand, wie es Wirk 


AuCu \uCu der Fall 


ist, Spannungen, dann ergibt sich eine Herabsetzung 


dern nur die Geschwindigkeit 
Hat 


lic hkeit bei 


flusst. 


und besonders bel 


der Einsatztemperatur gegeniiber der wahren Glex 


gewichtstemperatur um einen Betrag, der glei 


der Spannungsenergie dividiert durch die Ent 
anderung ist. Wenn aber die Kettenreaktio1 


CThermodynamik unterworfen, also voneinander 


unabhangige Elemente der thermodynamischen 


Statistik sind, ist zu schliessen, dass sie nicht nur in 


einer, sondern auch in entgegengesetzter Richt 


muss also vorkomme! 


gehen kénnen. Es 


dass ausgebildete Kerne, deren freie 


klein genug ist, unter dem Einfluss erneutet 


peraturschwankungen wieder zurtickgebildet werden 
\uf den oben erwahnten Fall der plastischen Ver 
formung tibertragen, heisst das, dass auch plastische 
Versetzungen wahrend des Gleitvorgangs mit eine! 
gewissen Wahrscheinlichkeit zuriickgebildet werden 


k6nnen; ein solcher Vorgang kommt in der ‘‘dyna 
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mischen Erholung”’ zu Tage, die nach Kochend6rfer 
notwendig ist, um die Temperatur- und Zeitabhangig- 
keit der kritischen Schubspannung zu erklaren. 
Welche Folgerungen sind nun aus dem Vorherge- 
henden zu ziehen fiir ein Material, das St6rungen 
ab- 
Kerne zusammenstossen? Sie 


Augenblick 


Spannungsenergie als die ganz 


enthalt, dem daher die Kettenreaktionen 


brechen, ehe die 


enthalten diesem wesentlich mehr 


ausgebildeten Kerne 


des Gitters und miissen daher aus 


ungestorten 
thermodynamischen Griinden je nach der Tempera- 
Teil 


werden. Wir erhalten also weniger 


tur zu mehr oder weniger grossen 
zuruickgebildet 
stabile Kerne als im ungestérten Kristall, ausserdem 
ist ihre zeitliche und raumliche Verteilung stark von 


Mit 


wachsender Zahl der Gitterst6rungen ergeben sich 


der Verteilung der Gitterst6rungen abhangig. 
immer ausgepragter diejenigen Erscheinungen, die 
fiir die normale Keimbildung charakteristisch sind. 
wie es 


Sind die Stérungen gleichmassig verteilt, 


offenbar bei dem soregfaltig vorbehandelten viel- 
kristallinen 
Fall 


oleiche IXerndichte, 


6érten Ei 


Material von Sykes und Jones 


war, so erhalten wir eine tiberall nahezu 


die aber kleiner ist als im unge- 


inkristall. In weniger gleichartigem Mate- 


RGICA 


[1] der 
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rial kénnen nebeneinander Stellen mit voll aus- 


gebildeten Kernen und ohne solche auftreten, also 


ein “zweiphasiger Zustand,”’ wie er bei Oshima und 


Sachs [3] sowie besonders bei Gorsky [5] beschrieben 


ist [6]. 

Die durch die abgebrochenen Kettenreaktionen 
gebildeten thermodynamisch stabilen Kerne wach- 
sen durch weniger Atome umfassende Zusatzreak- 
tionen weiter. Im Grenzfall sehr grosser Gitter- 
st6rungen, wie er bei verformtem Material vorliegt, 
wird es sich dabei um diffusionsartige Umsetzungen 
Fall erhalten 


wir also die kleinste Geschwindickeit, wie es den 


einzelner Atome handeln. In diesem 


Beobachtungen entspricht. 
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DIMENSION AND ORIENTATION EFFECTS IN THE YIELDING OF 
CARBURIZED IRON SHEET CRYSTALS’ 


A. N. HOLDEN and F. W. KUNZ} 


Several annealed and carburized iron sing 
tested. Orientations were such that all regions of 
by the tensile axes of the spec imens. A good correlatio 
dimension of the crystal in the direction of slip w 
tensile axis within 10° of a [111] direction. Crystals i 
showed preferentially a sharp yield point and drop i 
Crystals that had tensile axes withii 
tensile kink bands. Concomitant with the kink 
and drop in load irrespective of specimen dim« 
Che deformation process in crystals showing 


deep macroscopic surface grooves. 


LES EFFETS DES DIMENSIONS ET DES ORIENTATIONS SUR L’Et 
CRISTAUX DE TOLE DE FER CARBURI 


Des essais ont été effectués sur plusieurs éprouvettes de t 
cristaux de fer recuit et carburé. Les orientations en ét 
stéréographique standard étaient représentées par l’ax 
corrélation a été trouvée entre les caractéristiques d’éco 
dans la direction de glissement, a l'exception des crist 
de 10° de la direction [111]. Les cristaux, dans lesquels 
montraient plut6t une limite d’écoulement bie: fini 

Les cristaux qui avaient l’axe d’extension dans | 
par la formation de bandes de pliage kink ban 
d’écoulement bien définie et un abaisseme 
l’éprouvette et de la teneur en carbone 

Dans les cristaux qui présentaient un abaissem 
de pliage, la déformation produisait de profondes 1 


DER EINFLUSS DER GROSSE UND DER ORIENTIERUNG AUF DAS FLIESSEN 
KRISTALLEN IN KARBONISIERTEN EISENBLECHEN 
Eine Anzahl gegliihter und karbonisierter Eisenkristalle wurde é I 
Zugversuchproben untersucht. Die kristallographische Orientier det 
Bereic he des Normaldre ks der ste reographis« he Proj 
mit Ausnahme der Proben, deren Zugachse 10° oder we 
bestand gute Ubereinstimmung von Fliessverhalt 
Gleitrichtung. Kristalle, bei denen die Grdéss« 
zeigte l bevorzuet einen sch irien Fliessp inkt d 
Es zeigte Sit h, dass sit h Kristall cde re Z gat hse 
war, under Bildung von Knickbander I 
der Knickbander (“‘kinkban zeigen 
u iabhangig Vol der ) I Probe u 
Kristalle, die bei det ‘rformung eine V« 
‘“‘*kinkbands’’) bilden, zeigen auf ihrer Oberflache 


t serious difterences 
Introduction 
C Was postulated 


There have been several attempts recently to of dislocations the opport 


explain the yield point in iron. The most satisfying interaction and cat propagation 


of these, namely Cottrell’s [1] theory concerning greater the extent of vield point deform 
the behavior of dislocations anchored by solute direct consequence of this postulate, it w 
it an\ eiven dislo ition densit\ 


atoms, requires that single crystals containing car- that 


bon yield in the discontinuous fashion common with a longer total slip path would 


to polycry stals. That such vielding has been observed vield point elongation that 


sometimes, but not always, with single crystals has’ shorter slip path. An experiment 


been a point of contention [2; 3; 4]. In a recent 


such a size effect actually wa reported, 


dimension of the cross secti 


paper [5] the discrepancies among the several single only a single 


crystal experiments were rationalized on the basis crystal was changed to test the concept 


that the densities of dislocations in the crystals Certain questions remained t be 

tested could have been sufficiently different to per- however: 

—_— | Is there any eftect of crystal orientati 
*Received April 2, 19538; in revised form Mav 15, 1953 vield point phenomenon? 

7Knolls Atomic Power Laboratory, General Electric 

Company, Schenectady, New York, U.S.A 2. What is the nature of strain propag 
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the deformation markings in those instances where 
vield points are found in single crystals of iron? 
3. Why 


by increasing 


was it possible to bring about a vield 


only a single dimension (the 


~ the iron crvstal? Recent evidence 6} 


obtained with aluminum crystals in the form of 


sheet specimens showed that slip occurred preferen- 
tially in the thin direction irrespective of the classical 
situation 


resol, ed sear stress 


analysis. a 
ilso prevails in iron, one would expect the slip path 


n either a narrow or a wide iron sheet crvstal to be 


| thickness 


leet 


ipproximately of the order of the s 


ind there should be in their vielding 


behavior. 


This study of the metallography of deformation 


ind the mechanical behavior of iron single crvstals 


ol Known orientation Was undertaken prima&rily to 


juestions. 


nswer the toregoing 


Experimental Work 


It was found impractical grow crystals of 


identical orientation in a range of sizes in order to 
test the previously reported size etfect. However, the 
size of the crvstal in the slip dire tion is probably the 
important variable, and it was felt that a great 
variety of dimensions in the slip direction would 
be available in an assortment of cry stals of random 
orientation in the form of sheet tensile spec imens. 


Consequently, a large number of crystals were 


grown by a strain-anneal technique from 0.037 inch 
thick strips of both aluminum-killed deep-drawing 
sheet and sheet rolled from high-purity iron supplied 
by National Research Corporation. Excellent crys- 
tals several square inches in area were grown in 
strips from both materials, and no essential differ- 
ence in mechanical behavior of crystals grown from 
the two materials was detected in the course of the 
study. 

Tensile specimens were machined with the crystal 
supported between ¢-inch-thick flat plates by milling 
through the entire sandwich of support plate and 
crystal. Dimensions of the test pieces were a 1-inch 
or longer gauge length and approximately 4 inch 
by 0.030 inch cross section. No attempt was made to 
reproduce dimensions precisely, but each specimen 
was carefully measured. 

he tensile specimens were abraded on two faces 
ind on each edge on papers through no. 600 grit. 
metallographi 


electrolvticall to a good 


An 


tion was made of each crystal by a back-reflection 


polished 


were 
surface. orientation determina- 
Laue method with the incident beam normal to a 


face of the spe imen. 


RGICA, 
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VOL, 


After the crystals had been oriented they were 
given a treatment that simultaneously carburized 
and annealed them. This treatment was accomplished 
by making wax pencil marks on the grip ends of 
each crystal, sealing it in an evacuated quartz tube, 
and heating it at 720°C for three hours to diffuse the 
carbon from the wax into the crystal. The polished 
surfaces remained excellent during the annealing 
treatment, but the 
repolished electrolytically after annealing. Chemical 


cry stals nevertheless were 


analvses were not made for the carbon content of 
the particular crystals used for these experiments, 
but experience with similar crystals has indicated 
carbon contents of 0.01 to 0.02 per cent should be 
obtained by this technique. A few specimens were 
not carburized, as noted later in this paper, but were 
spec ifically decarburized. 

rensile tests were made on the crystals in a 
screw-loading tensile machine with automatic record- 
ing of load and extension. Strain rates of the order 
of 0.001 sec 


Whenever drop-in-load 


were used for all tests. 


vielding was observed 
with a crystal, the tensile test was stopped immed- 
iately before any strain-hardening flow had begun, 
and the crystal was examined microscopically. 
Frequently, additional extension would be applied 
to such a crystal and further microscopic examination 


would be made. 


Results of Tensile Tests 


Che crystals tested exhibited three types of initial 
vielding behavior as evidenced by load-elongation 
curves, namely, 

1. A sharp vield point with a pronounced drop in 
load. 

2. A flat portion in the early vielding followed by a 


change in slope to a more steeply rising curve. 
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3. No yield point whatsoever. 
[he appropriate yielding symbol for each of tl 
crystals tested is plotted in Figure 1 in the position 


in the stereographic triangle that indicates its 


tensile axis. The striking feature ol Figure l is that 
111] 


vield with a definite drop in load. In all other regions 


all the specimens having tensile axes near 


there seems to be a mixture of the possible kinds of 


behavior on vielding. 


Metallographic Examination 


Several different kinds of surface markings were 
found after small amounts of plastic deformation. 
11] 


always showed a drop in load, and their 


Those crystals with a tensile axis near 
(within 10° 
surfaces were kinked. Within and without the kink 
band there were fine slip markings. Photographs of 
the appearance of kink bands are shown in Figure 2. 

Crystals that had a drop in load upon vielding, but 
11] 


| he surtace 


were not of the type having approximately a 
tensile axis, showed no sign of kinking. 


of these non-kinked crvstals contained shallow 


macroscopi grooves within which fine slip was not 
resolved. The grooves were irregular in shape with 
tributaries, and from the focusing adjustment 
required with a high-power objective were judged to 
be 0.001 to 0.003 inches deep. 


alter drop-in-load vielding is 


\ photograph ot a 
typical crystal edge 


shown in Figure 3. 


Crystals which vielded with a flat vield point also 


had grooves, although they were not as coarse in 
nature. Crystals which vielded without any sharp 
vield point did so with the fine wavy slip characteristic 
of iron, and the use of oblique illumination at greatet 
magnification (250 X or greater) was required to 
reveal the slip. 

It was observed that immediate further extension 
of crystals which had deformation grooves after 
initial yielding used up the undeformed material 
between grooves and obliterated the relief between 
groove and surroundings, and the coarse grooves 
were replaced by finer wavy slip. Such a result of 
additional deformation is shown in Figure 4, 
photomicrograph of the crystal of Figure 3 after 
further extension. 

lf a 


homogeneous flow region and was then repolished 


crvstal had been deformed well into the 


and aged, the resulting vield after such strain 


aging was again of the drop-in-load type, and again 
deep grooves were formed on the specimen surface. 


Photographs, Figure 5, of a crystal that was re- 


polished after strain aging and then deformed in 
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tension show the grooves that form during vielding 
Ola strain-aged crystal. 
Experiments on the Nature of Kinking 


\s a consequence of the coincidence of drop-in- 
load 


[OI 


tormation 
11] 


performed 


kink-band 
10 ol 


vielding with apparent 


those crvstals with axes within 


additional experiments were 


several 


few crvstals of tensile axis were specif 


FIGURE 6 
latrix ori 


X—kink ba 


decarburized in wet hydrogen for 16 hours at 720°C. 


Tensile tests on these crystals also produ ed a drop 


in load on vielding and apparent kink bands were 


igain formed. Several other crystals with tensile 
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region were also decarburized 
No drop-in-load vielding 


11] 


tension 


axes outside the 
and deformed in 
occurred when the latter were tested and instead a 


characteristic smoothly varving 
versus strain was observed. 

A careful study of the kink bands revealed that 
the boundary between kink and matrix was usually 
ind on analysis it was found most 
11] 
original orientation. Several boundaries were suffi- 


11] 


make suspect two additional conditions: that rotation 


crystallographic, 
often be a plane when referred to the 


ciently removed trom a plane, however, to 
continued 
11] 
and that infrequently some orientation of boundary 
other than (111 
X-ray Laue photograms were taken both of the 
region wholly within the band and that completely 
and also of the boundary itself with the 


of the kink boundary occurs during 


deformation producing slight variations from 


originally forms. 


outside it, 
beam overlapping both the matrix and the kink 
band. In all of this X-ray work the beam was normal 
the sheet crystal. Figure 6 


wide face of 


to the 
presents the trace of a Laue pattern for a kink-band 


boundary region showing the relative rotation of 


matrix and kink band after an initial extension of 


t per cent under a continuously dropping load. An 
analysis of Figure 6 shows that the crystal lattice 
on either side of the kink band has rotated 8° about a 
110 11] 
observed in the matrix could be 
112 


slip traces were characteristically wavy. 


axis in a direction. Traces of the slip 
accounted for by 
the 


although 


the plane 


slip on appropriate 
Figure 7 
shows the result on the Laue pattern of extending 
additional 


the same crystal used for Figure 6 an 


6 per cent. This additional extension has increased 
» relative rotations of kink band and parent 
[he amount of rotation of the lattice within the 
kink band itself has been less than the sensitivity 
of our stereographic analysis, although there is some 
indication that it is rotating in the opposite sense 


from the matrix. 


Analysis of the Size Effect 


\n analysis of the effect of the dimension of the 
rystal in the known slip direction on the type of 
yielding was made. For this analysis the maximum 
vector parallel to the slip direction and cut by the 
surfaces of the crystal was used as the dimension of 
the crystal. A variety of dimensions in the slip 
direction ranging from 0.020 inch for slip in the 
thickness direction of a very thin crystal to over 
0.500 inch for slip in the width direction of a wide 
crystal were obtained. While the plane on which slip 
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occurred was assumed to be that given by Opinsky 


and Smoluchowski |7], the nature of the slip as 


previously described (fine wavy or macroscopic 
grooves) did not permit confirmation of this assump- 
tion. The slip direction, however, seemed unam- 
biguous, since the most pronounced offset (whether 
fine wavy slip or macroscopic grooves) appeared in 
surfaces normal to the predicted slip direction. 

All of the crystals with tensile axes within 10° of 
111] had short dimensions in the slip direction. 
However, none of these crystals of [111] orientation 
was included in the size effect analysis because their 
behavior was different from all other crystals, 1.e., 


they deformed by kinking, and carbon was not 


required to produce drop-in-ioad vielding. 
A chart, Figure S, 
distribution of the three kinds of yielding behavior 


was constructed showing the 


FLAT YIELD POINT 


NO YIELD POINT 


CRYSTALS TESTED 


NUMBER Of 


Sy 
00-200 200-300 300- 


P DISTANCE IN MILS 


behavior 


for dimensions in the slip direction of 0—-0.100 inch, 
0.100—0.200 inch, 0.200—0.300 inch, 0.300 
inch and greater. It can be seen from Figure 8 that 


and for 


there is a clustering of crvstals without a trace ol 


yield point in the specimens with 0—0.100 inch 
slip-direction dimension. There was only one crystal, 
in fact, with a slip-direction dimension greater than 
0.100 inch that had no yield point. Sharp vield points 
were observed most often with crystals having a 
slip-direction dimension greater than 0.200 inch. 
While the correlation depends on data from only 
fifty crystals, it seems too consistent to be mere 


coincidence. 
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Discussion 
Except for crystals with tensile axes within 10° of 
[111], no effect of orientation of the tensile axis upon 
vield behavior seems to exist. The crystal dimension 
in the slip direction is an important variable it 


vield behavior, although variations in crvstal 


perfection and any accidental deformation may 


offset the effect of size. 

This effect of the dimension of the crystal in the 
slip direction can be understood in terms of the 
dislocation picture previously presented [5], namel; 
that, at a given dislocation density, the longer the 
slip path the more probable the collision interaction 
of a moving dislocation with other anchored disloca- 
tions and the greater the deformation cataclysm. 
It was observed in the previous work [5] that an 
increase in only the width of a sheet crystal specimen 
was necessary to enhance the yield point. Because 
of the orientations commonly found in sheet crystals 
grown by recrystallization, the probability is very 
good that an increase in crystal width also increases 
the dimension in the slip direction. Furthermore, our 
evidence indicates that the direction of slip for sheet 
crystals obeys the classical resolved shear stress 
criteria, slipping in the thickness dimension only 
when that is required by these criteria. 

A feature of the vielding of iron crystals which 
has become increasingly clear is that the flat ty pe ol 
initial flow curve is quite common. In this type of 
initial flow, sharp vielding is not observed. For 
example, a crystal may have a low strain magnifica- 
tion stress-strain curve as shown schematically in 
Figure 9a and a high magnification initial vielding 


STRAIN 


FIGURE 9a. Low magnification of strain 


of initial yielding. 


curve such as shown schematically in Figure 9) 
Certainly Figure 9a is one degree of manifestation 
of a yield point, but it appears homogeneous in 
Figure 95. Such yielding is most common in annealed 
crystals where total slip distances are intermediate 
in length, that is, 0.100 inch to 0.300 inch. 


It is most interesting that, of the crystals tested 
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RYS1 


by Holden and Hollomon és 


orientations were determined 


crys 


intermediate region 


sheet crvstals and 


Holden 
the neighbor- 


Hollomon were 
0.050 incl 


thick They were oriented by‘ 


hood ol 


optical reflection from etch pits and plotted oO! 


stereographi projection of the sheet face with 


STRESS 


verti il. The 


tensile axis ) paths as cal 


have been 0.100 


T 
from their orientations should 


to 0.150 inch. These crvstals therefore should 


vielded very much as shown in Figures 9a and 96 


} 


although in the work cited only the high magnifica 


was observed. It 


ind Hollomon tested a variet' 


tion curve as shown in Figure 9a 


unlikely that Holden 


ol orientations since il] thei crvstals were recrystal 


1 


from the 


0.080-inch-thick aluminum- 


th 


lized same 


killed sheet and were cut out with tensile axis 


same direction. Even those not examined for 


orientation were prob 
with intermediate slip pa 


Che 


vielding 


deformation formed during 


result of large amounts 


must be th 


observed t} 


aeptns ol 


localized flow which, from th« 
erooves, might be as mucl 
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Liiders bands in polver 


ith tl 


ration of a sing 
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solute atoms cause 


perhaps thousands of ot 
Since the moving dislo ist | 
Tect tl 


to anchored dislocations t 
flow is localized regions Che deformati 


erooves are definitely associated with the presence 


of carbon, since a decarburized iron crvstal deforms 


homogeneously with characteristic fine 


Che 
crvstal containing carbon seems to 


that 


markings sudden yielding 


mechanism as which operates for 


vield point of a carburized annealed cry 
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the same deformation grooves are produced in either 
nstance. 
Since the |111] 


deformation process, it is believed that the grooves 


slip direction is preserved in the 
though not straight are the result of crystallo- 
graphic slip on a fine scale that need not follow the 
eroove for long distances. During a local cataclysm of 
plastic flow, the contribution of each Frank-Read 
dislocation source need not extend across the crystal. 
[f the crystal slips using one dislocation source for a 
short distance and that dislocation becomes blocked, 


the glide mav be transferred to adjacent sources in 


nearby parallel planes. The wavy macroscopic 


ippearance of the local flow is then explained: by 
stepwise meandering from one source to another. 

It should be pointed out that the effect of crystal 
shape has not been separated from the size effect 
reported here, and these dimension effects should 
be considered an exclusive property of sheet crystals 
until they are either observed or not observed for 
other shapes. 

The kink band formed in iron strictly obeys the 
crystallographic requirements set down by Hess and 
Barrett [8], that the reorientation is about an axis 
parallel to the glide plane. Furthermore, the kink 
boundary when initially formed should be a plane 
that is normal to the olide direction, and it is. 


The (111 


grees with the boundary observed by Barrett and 


boundary observed in this work also 


Levinson [9] bands” 


for ‘‘deformation produced 


n iron by drawing and by tensile straining. It 


seems proper to consider tensile kink bands observed 
here and Barrett's deformation bands to be the same 
phenomenon. 

\ particularly important feature of kink band 
that it 


knowledge of the slip mechanism in iron. If a kink 


formation in iron is contributes to our 


band is to form with the definite boundary or 


‘bend plane” initially normal to the (111] slip 
direction, and if a planar boundary is maintained 
through continued slip, slip must occur on a single 


211 


plane. If two slip systems can operate, local lattice 


system in the matrix « rystal in this case on the 
rotations can be accommodated by alternate use of 
a bend plane and consequent 
211 


slip in these kinked crystals can be accounted for by 


the two planes, and 


<ink band will not form. It seems unlikely that 


1 composite of two or more |110} slip planes as has 
been proposed [10] for body-centered cubic metals. 
Experimental evidence exists [11], in fact, that indi- 
ates kink bands form in aluminum crystals only 


under conditions of single slip. 


RGICA, 


VOL. 1, 1953 


interest to note that Orowan [12] once 


that the 


It is of 
point or drop-in-load 


the 


suggested vield 


behavior was connected with formation of 
“deformation bands” in iron crystals; and for those 
crystals with tensile axes near [111] this indeed 
seems to be so. However, the Cottrell mechanism is 
still required to explain the drop in load in the more 


common orientations. 


Conclusion 


One may conclude from this study that the initial 
vielding behavior of iron crystals containing carbon 
depends, in part at least, on the crystal dimensions 
in the slip direction. Sharper vield points and more 
spectacular load drops are observed for the longer 
total slip path, a result in agreement with the 
collision interaction mechanism proposed previously. 
As long as the tensile axis of the crystal is 10° or more 
from a [111] direction, the foregoing results appear 
independent of crystal orientation. However, crvs- 
than 10° to a [111] 


another mechanism, kinking on a 


tals with tensile axes nearer 
direction vield by 

111) plane about a [110] axis, and ‘“‘drop-in-load”’ 
yielding is produced with short total slip paths, with 
or without the presence of carbon. 

For those orientations outside the [111] region, 
the counterpart of the Liiders band observed in 
polycrystalline iron seems to be the highly localized 
region of flow that appears as a wavy groove on the 


surface of the crystal. 
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THE LOW TEMPERATURE SPECIFIC HEAT OF ANTIMONY* 


W. DeSORBO?t 


rhe specific heat of antimony has been measured in the 


are compared with a calculation based on at 


between 


structures. Satisfactory agreement exists between 
The entropy ol 
of which 0.115 was obtained by extrapolating below 


temperature region 13° to 300°K 


continuum model was used. 


LA CHALEUR SPECIFIQUE DE L 


La chaleur spécifique de l’antimoine a été mesur 
données sont comparées aux résultats d'un calcu 


qaoux et 


distingue entre Jes modes de vibration 


a une structure “‘en couches.’’ Dans la région des températures dé 
mentales s’accordent d’une maniére satisfaisante avec les prédi: 


de l’antimoine a4 298,1°K est de 10,92 cal 


“soft”? and “‘hard’’ modes of vibrations 
the data and t 


\NTIMOINE A BASSE T] 


atome-g/deg., 


temperatir 
iperacul 


inisotropic conti 


Lnisotropi 


antimony 
13.2°K. For 


MPI 
températures 


basé sur un modél 


“‘durs’’ dans des réseaux a 


13° a 300°K 
tions basées sur 


0,1 15 ont été obte 


do it 


en dessous de 13,2°K. Le modéle du continu anisotrope a servi a cette extrapolat 


DIE SPEZIFISCHE WARME 


Die spezifische Warme des Antimons 
gemessen. Diese Daten werden mit einer 
Kontinuum voraussetzt, zu Grunde liegt. 
“harten’’ Schwingungen in anisotropen Gittern, 


wurde 


tellen Ergebnissen und den Voraussagen 
10,92 cal/g-atom Grad, davon wurden 


DES ANTIMONS 


Berechnut 

Dieses 
nlich den ‘Schichtstrukture 
biet zwischen 13°K und 300°K besteht zufriedenstellende Ubereinstimmung zwischen de 
dieses Modells. Die | 


0,115 durch Extrapolieren unt rhalb VO 13,2 Ix ermiuttel 


BEI TIEFEN TEMPERATI 


im lTemperaturbereich zwische1 


lichen, der ei 


unterscheidet 


lig verg 


Modell, das anisott 
Modell 


zwische 
Im Temperatur 
} 


weicne 


experime 
Antimons bei 298,1°K ist 
9 


I des 


Das Modell des anisotropen Kontinuums wurde fiir diese Extrapolation be 


Introduction 


Tarassov (1 3] has discussed the application to 


specific heat data of one- and _ two-dimensional 
frequency-distribution functions based on a Debye 
type This 


used by him to describe some of the earlier low 


of continuum model. model has been 


temperature specific heat data of highly anisotropic 


monatomic lattices. In his analysis, Tarassov has 
used one characteristic temperature and in most 
cases the data available to him extended down to 
liquid nitrogen temperatures only. 

structure elements, sele- 


5] that a 


In case of the ‘‘chain’’ 


nium and tellurium, it has been shown 


simple anisotropic continuum model describes the 


data satisfactorily. This model which distinguishes 


between the “‘soft’’ and “hard’’ modes of vibration 
predicts a 7* dependence of the specific heat at 
sufficiently low had 


viously derived and applied this anisotropic model 


temperatures. Tarassov pre- 
to the specific heat data of some molecular lattices. 
Recently, the 7° dependence of the specific heat 
of “‘layer’’ structures graphite [6] and gallium [7 
have been verified in the temperature regions 13 
to 54°K and 15° to 34°K, respectively. Krumhans! 
and Brooks [8] have shown that the 7° dependence 
*Received March 25, 1953 
tGeneral Electric Research 
Schenectady, New York, U.S.A 
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may be an intrinsic property of the graphite lattice 


and predict that at sufficiently low temperatures 


is 7 


lhe lattice anisotropy of antimony is of a “‘lesser 


the specific heat of graphite should vary 


degree than graphite The distance between ne irest 


neighbors in graphite is 1.42A while the distance of 
next nearest neighbors or between atoms in adjacent 
lavers is 3.40A [9 
“puckered” with the distance between nearest nei 
bors equal to 2.87A 


atoms 


Che ‘“‘lavers” in antimony 


while the distance betwee 


next nearest ‘adjacent lavers”’ is 3.37 A110 


For this reason it was considered important to ex 


tend the specific heat studies of antimony to lower 


temperatures in order to determine in detail th 


temperature dependence. In this investigation th 
specific heat of antimony has been extended to 13° 
Previous determinations were those of Gunther [11] 
Simon [12] (71-82°K), and Andersor 


13] (66-293°K 


Experimental 


The sample of antimony used in this investigatior 


is one of the “‘spectroscopically standardized sub 


stance’ obtained from Johnson, Matthe ind Co., 
them as 


| he 


average 


London, and referred to by 
Laboratory No 


specimen consisted of granules having an 


Limited, 


antimony 2696 


) 


of about 2 of the 


The 


to 3 mm. The purity 
1 to be 99.90 pet 


‘“‘diameter’’ 


sample has been reporte cent 


13° to 70°K. The d 
ee im model wl disting 
he pred tl fa) h } lel t} 
298.1L°K is 10.92 cal/g-atom deg 
this extrapolatio tne a trop 
RATUR! 
de cont 1 Op 
do { expe 
e mode le | trop 
par extrapolat 
\ 
tropes 
ind 
153 
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is impurities, (values given in 
0.01 Pb, 0.015 Fe, 0.015 S. 


one-half 


following were listed 
0.03 As. 


\pproximately one and 


per cent 
eram-atoms ol 
ntimony were used in the experiment. 

The cryostat, copper calorimeter, and accessory 
ipparatus used in this investigation have been used 
previously and are described elsewhere |14 


Results 


extending from 13° to 
70°K, are pre sented in Table I. The C 


data with the aid of the 


Che spec ific-heat data, 


values have 
been calculated from the C, 
Nernst-Lindemann formula |15]. 


TABLE | 


HEAT OF ANTIMONY 


121.76; 1.4956 gram-at 


2 729 
0.490 
0.937 
0.798 


0.695 


Table II lists the value of entropy obtained from 


a smooth curve of a large graph of specific heats vs. 


log T for the temperature region 13.2° to 


56.2°K. 
Simpson's rule was used to evaluate the function. 
[he increment of entropy between 56.2 to 298.1°K 


Anderson [13]. 
The entropy of antimony at 298.1°K is 10.92 + 0.05 


was that previously obtained by 


cal /g-atom deg. The extrapolated portion below 13°K 


amounts to 0.115. 


VOL 


TABLE II 


ENTROPY OF ANTIMONY AT 298.1°K 


cal/g-atom deg. 


\nderson 


This research 


2)°K 


10.92 


Discussion 
A plot of the log C, vs. log T for antimony is 
presented in Figure 1. In the low temperature region 
r < 20°K approx.), where one might expect the 
Debye type of approximations to be more valid, it is 
neither the 7? dependence is 


seen that nor the 7 


followed. The exponential of 7 has a value greater 


than 2 and is increasing continuously with decreas- 


ing temperatures approaching a value of 3 at 


approximately 14°K, 


ANTIMONY 


Cy (CALORIES /GRAM-ATOM/ DEGREE) 


FIGURE 1 Loe C. function of log JT for antimony 


at low temperatures. 


1, 1953 
C. 
Extrap. (0-56.2)°K =1.91 Extrap. (0-13. =0.115 
Graph. (56.2-298.1)°K =8.59 Graph. (13.2-56.2)°K =2.215 
= 10.50 =2.330 
S° 6.2 =2.33 This research 
Graph. (56.2—298.1)°K = 8.59 \nderson’s data 
SPECIFIC 
\tonic Wt. = on; 
Mea AT Ge ( 
temp K cal /g-atom deg cal /g-atom deg 
13.21 0.246 
13.44 0.248 
I4.44 0.321 VOI 
15.32 0.378 ] 
16.19 0.433 1QC 
17.10 1.612 0.52] 
17.26 1.260 0.522 
IS.49 061 0.616 
86 1.851 0.672 KT” 
20.57 1.508 0) 824 n= 3.02 
22.138 0.929 n=262 (17°) 
24.06 2 043 1.089 1.088 n=2.17 (20°K) 
26. 26 2.394 1.276 1.275 
28.78 2.675 1.474 1.472 
31.73 3.258 1.726 1.724 } 
34.92 3.097 2.012 2 009 
39.55 2.598 2.363 2.358 
$2. 64 2.922 2.602 2.595 
17 2 606 2 890 2.88] 
51.70 2.659 3.200 3.187 i 
56.58 2.735 3.524 3.507 
58.95 2.615 3.677 3.658 
64.33 2.446 3.518 3.796 | 
69.76 2 864 1 065 038 
- 
10 20 30 .40 60 80 100 
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In 


and @ 


Figure 2 the characteristic temperatures, 0 
, are presented as a function of temperature 
lhe temperature 62 has been computed by graphical 
interpolation of the specific heat integral based on a 
two-dimensional continuum model.* The characteris- 
tic temperature, 43, has been computed from the 
Debve 


case the experimental 


three-dimensional integrals where in one 


data have been used and 


ANTIMONY 

TWO DIMENSIONAL 
@DEBYE THEORY, 
© DEBYE THEORY 


MODEL 
Cy 
Cy 


(8,) 
(EXPERIMENTAL ) 
(CALC.,"INTERACTION” MODEL 


TEMP - 6 


\ 


CHARACTERISTIC 


FIGURE 2 


absolute 


Characteristi 


temperature. 


has been calculated from 


other 


continuum 


in the in 
below. 
ol 
13]. The temperature @» Can be considered 
20°K. 


that the two- 


“interaction model discussed 


The experimental data above 70°K are those 
Anderson 
effectively constant above approximatel\ 
Hence the data of this research show 
describe the 
20°K 


had 
the 


dimensional continuum model could 


satisfactorily down to approximately 


Table II] 
the 


data 


see column C Tarassov [1; 3 


previously discussed correlation, above 


nitrogen between Anderson’s 


data 


liquid temperature, 


specific heat on antimony and the _ two- 


dimensional model. 


Below 20°K, the characteristic temperatures, 0: 


and 63, show definite deviations from a constant 


value. The characteristic temperature 42 increases 


rather abruptly in value while 6; is decreasing in 
value with decreasing temperature. These deviations 
from a constant value reflect the deviation of the 
continuum 


it 


distribution function assumed in the 


spectrum. Above liquid hydrogen temperatures, 
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it either the two-dimensional cor 
Debve 


to satisfactory 


ippears thi 1tinuum 


could describe the 


ot 


r the theor’ 


data 


However, it would be difficu 


degree approximation 


It to use these ontinuum 


ideas at these higher temperatures to distinguish 


a laver Structure or a three-dimension i! 


Chis 


temperatures results from the fact 


between 


structure. lack of sensitivity at the higher 


that ifi 
ol 


The distribution between 


the per 


heat is proportional only to the total 


the distribution function 


these models based on continuum ideas is more 


apparent at low temperatures where the exact 


form of the distribution function is import 
\ possible exp ination for the increase 
decrease in 63 at the low 


the 


the most part a two-dimensional form at the 


temperatures ma‘ 


frequency-distribution function followir for 


» highet 


il 


ing Oovel int a three dimension; 


temperatures Is go 
ising temperature. The structure of 
be 


atom 


form with decre 


antimony ma\ considered roughly “lave 


ita slightly closer dist ince 
Che 


n the “two-dimensional plane.”’ 


structure. Each 
ot 


IS 


to three its six nearest neighbors main 


rhe 


| 


valenc es occur 


bonding perpendicular to the planes is of a we 


character. The main valence forces may be considered 
] 


ve associated with the higher frequencies in the 


lattice. \s the temperature IS de reased the higher 


highl 


frequencies become less excited 


s of longer and longer leneths as tl 


\t a 


remaining 


Wave 


excited temperature sufficien 


are ot sufhicient 
influenced by 


For 


continuum 


ire no longer 


the lattice. these wave 


model 5 


dimensional 


correct. It would seem significant then to 


monatomic lattice such as 


anisotropi 


Debye type of continuum model that differentiat 


the solt ind ne nara 


between 

vibration. 
\ simplified “interaction” model 

these two types of modes and based on the Deby: 


accoul 


type of approximations 


T'arassov |3] but, a 


by 


to the problem of “‘interacti lavers of a mon 


lattice. T 


atom ar 


iSSO\ h id applied the model to 


molecular lattices having ‘‘chain’ and ‘“‘lavet 


the laver type Structure, it 


3N 


only those modes whose frequencies a 


structures. For sup- 


posed that, of the modes of vibration of the 


re less 


lattice, 


than some limiting frequency v; are distributed like a 
Debve 


quency density proportional to v 


three-dimensional continuum with fre- 


| or those modes 


with frequencies greater than vy; (i.e., shorter wave 


350 
300: 
250; | in @ nd 
De th 
200 2 2 
50 
“| 
50r 
% 0 20 30 40 #50 60 70 60 90 
temperatures as a functic 
tt) 
the onl: 
wave length that th 
a dividual atoms in 
nea 
has recently been proposed 
Go} e—] 
- 6R\ = exp =. — | 
e 
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lengths the laver character of the lattice predomi- 


nates and these modes have a frequency density 
characteristic of a two-dimensional continuum and 


so proportional to v. Thus for v < 


and for 1; 


t is further assumed”* that 


Then, since 


Cw dv = 3N (, ) 
; 


max 


internal for the “‘interacting’’ layers 


The 


then has the following form: 


energ\ 


larassov, is arbitrary. Be- 
one might more reason- 


*This assumption, made by 

se of the Brillouin zone geometry, 

assume, a ested by Krumhans! [16], that the dis- 
ribution function be continuous at », 1.e., N3 (v;)) = No 


[he expression obtained for the is ther 


su 


Ig? 
heat 


specin¢ 


| 


which describes the data equally well with @. = 210° and @ 
= 50°. Sin so many detailed effects are neglected in this 
continuum treatment one is not really justified, in this case, in 
expressions as a closer 


19° 
e 
- 


dx { 


6R 
T 


20,/T 
7 
x 
é 7 


choosing one over the other of these 
ipproximation 
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= hy/kT, 6, = hv, /k, 


one can readily derive the following expression for 


Letting a 6. = hyvgax/k and 


“interacting” 


= 6§R | 
Os Ji 


the specific heat ot layer structures. 


T 


>Q, equation (9) reduces to a 7* expression: 


In Table III are 


comparison of the experimental specific heats of 


summarized the results of the 


antimony with equation (9) (column C2;3)). In this 


calculation, 62 has been assigned a value of 210° and 


6; has been given a value of 70°. The table also shows 


CABLE III 


SpeciFIC HEAT OF ANTIMONY CALCULATED FROM THE TwWo- 


DIMENSIONAL AND ‘INTERACTION’ CONTINUUM MODELS 


cai/g-atom deg 


000 
380 
095 
675 
110 
$40 
928 
538 
820 
930 
».050 


the comparison of the experimental data with the 
specific heats calculated from the two-dimensional 
integral in which the characteristic temperature 0. 
210°. The the 
experimental data and equation (9) is satisfactory in 


also equals agreement between 
the temperature range 13° to 300°K. The results are 
presented graphically in Figure 3. 


Equations (6) and (7) give effectively the number 


| 
9 - 5 AN 
| N3(v) = C3 pr’, (e — ] 
\ OR > 5 Ax 
ve 
—  9R= |. 
03 « e —]1 
3 = | Cod, As 
1.e., 
(10 == R AAS 
(4 Cav dv + Cov dv = 3N, 
we have 
6N 9N 
5 GQ=3, 
and 
= 1.5. 
Hence 
e Vmax 
and C, re ( 
expt'l cak calc 
‘ 
13 0.240 0.274 0. 328 
15 0.356 0.379 0.430 
Is 0.592 0.574 0.618 
2% 0.742 0.733 0.772 
ON hy 25 1.172 1.188 1.218 
30 1.592 1.604 1.630 
35 O90 
rs hv" 10 518 
60 S15 
q 4 70 240 
St) 578 
100 O15 
150 510 
200 5.660 5.772 
C 2 dx 300 ».490 SOO 
f ~ iy 
= e 
] 
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of “soft” and “hard’’ modes of vibration, respec- provided one assumes the third law and neglects 

tively. With the value of @. = 210° and 6; = 70°, any contribution from electronic specific heat.* 

approximately 90 per cent of the frequencies are The characteristic temperatures, #2 and 63, have th 

“hard” and 10 per cent “‘soft.”’ same values cited previously. The entropy increment 
29K 0.115 cal/g-atom deg 
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WORK HARDENING IN FACE-CENTERED SUBSTITUTIONAL ALLOYS* 


J. S. KOEHLER? 


mechan 


ECROUISSAGI 


ées expérimen 

trees de 

l’écrouis 

rs que 


des dislocations est esse! 


le bande de glissement réduit, 


du processus par lequel une 


lue aux impuretés, est montrée pour le cas des alliages 


es et d atomes interstitieis pe it 


RFESTIGUNG VON 


Verfesti 


freien We ola 


Es wird gezeigt, dass ein Prozess, in 


\nnahme z 


re Kann, und ve 


Experiment 


exist for single crvstals of a 


Stress-strain data 


brass [1], silver-gold , and copper-nickel alloys [3] 
over a range olf con entrations. The curves obtained 
by Sachs and Weerts [2 


ire shown in Figure 1. 


for the silver-gold svstem 
The 


ippropriate for the other alloys mentioned are 


stress-strain curves 


similar. 
[here are several other pieces of experimental evi- 


which are available: Goler and Sachs [4] and 


1 
aence 


later Treuting and Brick |5| have shown that slip 


lines cluster in a-brass, i.e. that additional deforma- 


tion is accomplished by glide on slip bands which 


ire near previously formed slip bands. Figure 2 


shows this behavior according to Treuting and 


Brick. 


There are also data on asterism {6] which reveal 


that in alloys, in contrast to pure metals, very little 
isterism occurs until slip on a second slip system 
begins. 

The change in the orientation of a tensile specimen 


during glide is such that it reduces the resolved 


shearing stress on the initial slip system so that even- 
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cal prope 


substitution 


roulssage 


nouvel 


FLACHENZENTRIE 
t der experime ntelle: 

i Substitutionslegierungen 

immt, dass Verfestigung durch Versetzungsquellen 


ngen’”’ 
n seiner Umgebung 


Disku 


rscnie cle ne 


of the face-centered 


rstood by supposing 


hardening is not 


it of concentration 


raction 
I de pel ce 
reduces the 


vacancy and interstitial prod 


new slip band 


that by which a 


uction Can 


DANS LES ALLIAGES CUBIQUES A FACES CENTREES 
DE SUBSTITI 


PION 


tales sur les propriétés mécaniques de monocristaux 


Il est montré que ces données peuvent étre 


sage da a l’épuisement des sources et |'écrouissage di aux 


ne l’est pas. I] est constaté que la 


I indépenda te de 


d interactior 
tielleme: la concentration. 
dans son voisinage, 


est sugg 


ré que la produc tion 


expliquer les résultats. Quelques expériences sont suggérées. 


RTEN SUBSTITUTIONS-LEGIERUNGEN 


\ngaben iiber die mechanischen Eigenschaften 
gegeben. Die experimentellen 
gung durch Wechselwirkung der Versetzungen 
der iW rsetzungen erwiess sich praktisch un- 
dem ein neues Gleitband die 
vermindert, im Fall der Legierungen von 
dass das Entstehen yon Leer- und 


on gesteilt, 


neue Experimente werden vorgeschlagen. 


tually the resolved shearing stresses on two slip 
systems become equal. In pure metals further defor- 
mation occurs simultaneously by equal amounts of 
glide on the two slip systems [7]. The alloys, on the 
other hand, glide on only one slip system at a time |7]. 
There is also in alloys the phenomenon of ‘‘over- 
shooting,” i.e. the alloys continue to deform on the 
initial slip svstem past the orientation where the two 
resolved shearing stresses are equal 6]. In fact, a 


careful examination of the data indicates that the 


deformation continues on the initial slip system until 
the resolved shearing stress on the second 


exceeds that on the first by the yield 


sip system 


stress of the alloy. 


FIGURE 1. Resolved curves of gold-silver 
single crystals of various given compositions. The resolved 
shearing strain is given in per cent (after Sachs and Weerts). 


stress-strain 
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his conclusion is illustrated in Figure 3 by data on 
a-brass showing the discontinuous increases in the 
resolved shearing stress which accompany the tran- 
sition of slip from the initial slip system to the second 


system. 


Theory 
The research of Miller and Milligan 
Mathewson [9], Andrade 
Masing Raffelsieper 


Lucke 


S|, Rosi and 
10], 


and 


and Henderson 


11}, 


12] on the dependence of the stress-strain 


and and Lange 
curves of pure face-centered metals on orientation 
that 


hardening. At small strains one has the phenomenon 


shows clearly, there are two kinds of work 


the stress-strain curve is linear and 
glide. At 


larger strains the rate of work hardening increases 


of “‘easy glide”’; 


the work hardening is small during easy 


and the stress-strain curve becomes parabolic. The 


last two papers cited above give data show ing that: 


Slip steps in a single crystal of 72 per ce1 
brass. (a) Shearing strain = 0.002; (+ 
= 0.004; (c) shearing strain = 0.015. 
scratch (after Treuting and Brick 


FIGURE 2. 
shearing 
Horizontal line 


HARDI 


NING IN LOYS 


at which the second t1 
the init 


ving m 


a) The strain 
becomes domin int decreases as 


tion approat hes an orientation 


b) The rate of hardening by the second mech 


im reases as one approat hes Ol ientations 


tiple slip, i.e. simultaneous slip on sever 


tems. 
In an earlier paper [13] the two kinds of hat 


were interpreted as source hardening and intera¢ 


tion 


hardening. In the region of small iin, source 


lengths of dis 


hardening occurs, i.e. the longest free 
and become locked. A1 


produce | I 


locations generate 
in stress is then necessary to 
veneration at the shorter disloc ations. The se ond 
kind of hardening was termed interaction hardening. 


tial point is that the larger the dislocation densit) 


It was first discussed by G. I. [he essen 


the more stress will be required to drive the dislocat- 


ions of opposite sign past one another because the 


interact. 
[he experimental data on pure metals 


strongly, that some elide does occur on the 


slip systems and that the dislocation structure which 


results is not transparent to dislocations gliding on 


the initial slip system. Hence interaction hardenin 


occurs. Consider next the situation in an alloy. In 


~ 


this case, the overshooting data show that ¢!] 


the initial slip system softens it so that further glide 


prefers to occur on the initial rather than on an 


inactive slip system. For this reason it is believed 


that source hardening and not 
is important over the major portion of 


strain curve of an alloy. This conclusion is 


with the lact that the ascending portions ot the 


stress-strain curves of silver-gold allovs are 


over large strain increments, pa larly tor 


509 
Nnardetl 
if 
I cTtlve 
| RAS 
153 
} 
crvstals of 72 per cent a ras Ne es 
WAX shearing stress or r whe slip Ds « he [ ‘ 
WX | beg sO slip iit \las 
EAS 
ACRES 
| 
| n hardening 
SAN \ 
i the stress 
f 
20001! 


510 ACTA 


impurity concentrations. It is also in accord with the 
observations that, whereas asterism appears at small 
strains in pure face-centered metals, little or no 
asterism is encountered in alloys until slip on a 
second slip system occurs. 

[he Treuting and Brick pictures show that source 
hardening occurs in a-brass at small strains. This is 
evident because only finite glide occurs at each slip 
band. Their pictures also show that some process 
occurs near a slip band which makes it easier for a 
second slip band to be produced in the vicinity of the 
first. It will be proposed here that this process re- 
duces the impurity hardening in the vicinity of the 
original slip band. It will be seen later that this 
hypothesis explains the phenomena which take place 
when a change of slip system occurs. 

The applied stress o necessary for deformation is 


theretore 


where go; is the portion of the applied stress necessary 
to overcome the influence of the impurities and oc, 
is the portion of the applied stress needed for Frank- 
Read generation 

At this point a second assumption will be made. In 
Figure 1 the slopes of the ascending straight-line 


portions of the stress-strain curves agree to within 


20 per cent of their value. It will therefore be 
assumed that the dislocation free length distribution 
is independent of impurity concentration. The data 
on a-brass indicate that there the source hardening 
decreased by increasing the impurity 

concentration 
[here is still a point which has not been taken care 
of: experimentally, the data show that the linear 
portion of the stress-strain curve does not extrapolate 
back to zero strain when the stress is zero. Two pos- 
sible explanations can be offered. It is possible that 
the presence of impurities alters the locking of sources 
in such a way that the average glide per slip band is 
larger in the flat portion of the stress-strain curve 
than it is in the ascending portion where the impur- 
ise to be important for glide on the 


ity stresses ce 


initial slip system. If this is the case, it can be 


checked by direct observation of the glide at the slip 


bands in the first and second stages of deformation. 


Another possibility is that the dislocations, which 


move through the lattice at yielding, sweep some of 
the shorter dislocations along with them. This alter- 
native would predict that the transition from the 
flat to the ascending curve would not be sharp, but 
that the initial portion of the ascending curve would 


require larger stresses than otherwise anticipated 
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because some of the short dislocation lengths have 
already been used. The data given in Figure 1 do 
show a transition region of the sort suggested by the 
second alternative. It should be mentioned however 
that 


cause such a transition region. 


inhomogeneities in concentration could also 


In the theoretical paper [13] on source hardening in 
pure metals, an expression for the free length distri- 
bution was obtained by fitting experimental data 
valid for aluminum. Such a fit is not illuminating in 
the case of the alloys since there are more constants 
to be determined than there are pieces of experimen- 
tal information. However, by just blindly using the 
dislocation distribution found for aluminum, the 
slope calculated for silver-gold is too small by a 
factor of three. Thus the distribution must be nearly 
the same as that found for pure aluminum. 

There is still the transition from one glide system 
to another to be considered. According to the picture 
presented here, glide on the first slip system even- 
tually completely erases the impurity stresses for 
further glide on that slip system. The experimental 
findings on overshooting mentioned earlier show that 
the glide on the second slip system must still over- 
come the impurity stress as well as the source stress. 
This result indicates that the nullification of impur- 
ity stresses occurs only in the vicinity of existing slip 
bands. Thus, in Figure 4 the effect can aid slip on the 


initial slip system, but since glide on a new slip sys- 


FIGURI | Showing that nullification will lower the 
impurity stresses for the initial but not for the second slip 


system 


tem must cut through material far from any existing 
slip band, no aid can be expected. R. Jamison and 
T. H. Blewitt [16] have found that the distance over 
which nullification acts in irradiated copper increases 
with increasing temperature. Thus, at liquid nitro- 
gen temperature after a given strain they found that 
a slip band cluster occupied a smaller portion of the 
specimen length than a cluster produced in a similar 


specimen at room temperature. This suggests that a 


o 

ECOND 
| 
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diffusion process plays a role in the effect. Seitz [17] 
has proposed that glide on a slip band generates 
vacancies and interstitials in the vicinity. The data 
on alloys just presented could be understood if one 
assumed that at least a portion of these vacancies 
and interstitials moved about a bit and then settled 
down in such a way as to erase the local impurity 
stresses. They prefer to erase impurity stresses be- 
cause in doing so they lower the potential energy of 
the system. The decrease in the size of the cluster 
occurs because at low temperature thermal fluctua- 
tions are not able to assist their motion away from the 
slip bands where they are produced. Even at low 
temperature they may be able to move a little be- 
cause of the excess local vibrational energy in the 
vicinity of the glide band. If enough reduction in the 
range of this softening effect can be produced by 
lowering the temperature so that new slip lines will 
not form near the old ones because of the large local 
dislocation stresses (i.e. if the range drops below a 
few hundred Angstroms), two changes will occur. 
First, there will be no flat portion of the stress-strain 
curve. Second, there will be no overshooting. 

The theory presented here and in the earlier paper 
implies that the slope of the ascending straight-line 
portion of the stress-strain curve should be dependent 
on temperature for an alloy having slip bands which 
are made up of several fine parallel lamellae. Certain 
aluminum alloys may well have stress-strain curves 
of this kind. 

There are to points concerning the « hange in slip 
systems which should be mentioned: 

First, if the specimen is so oriented that double 
slip would occur in a pure metal at a strain which is 
within the flat portion of the stress-strain curve of 
the alloy then, since nullification on the initial slip 
system is incomplete, one would not expect the 
differences in the resolved shearing stresses to be as 
large as the yield stress when slip changes from one 
system to another. 

Secondly, it can be seen why slip continues to use 
only the second slip system once it has begun there. 
To begin with, the dislocation sources on all slip 
systems are gradually used as glide proceeds [13]. It 
is only those on the initial slip system which produce 
an appreciable amount of glide and which generate 
large numbers of vacancies and interstitials. In the 
initial slip system the distribution is used until, at the 
strain associated with the change in slip system, the 


longest length /; available is given by 


HARDENING IN 


ALLOYS 
where G is the modulus of rigidity, 
and 0} is the resolved 


Similarls 


vector of the dislocation, 


shearing stress in the initial system for the 


SEC ond system: 


, so that the dislocation distributions are 


Thus 


used to the extent when the change occurs. 


same 
B » | » | t | mi} 
»9utT When Slip occurs On the second system the puri 


fication process begins there. In addition, some of the 


vacancies and interstitials generated by the glide on 


the ser ond slip system will be deposited in the region 


where additional slip would occur on the first slip 


system. This acts just as an impurity would and 


hardens the initial slip system where complete nulli- 


fication has previously occurred. The vacancy inter- 


stitial processes thus simultaneously soften the second 
slip system and add impurities to the initial slip 


system. This implies that when the orientation 


( hanges until slip again takes plac e on the initial slip 


system, the resolved shearing stress on the initial 


slip system will be larger than that on the second, 
but that the difference will be determined by vacanc' 


stresses not by impurity stresses 


interstitial 
Figure 3 for data 

[he principal conclusions of this discussion are 

1) Some process occurs during glide in face-centered 


cubic alloys which is able to erase the impurity 


stresses in the vicinity of the active slip bands. It is 


suggested that this process may be the production, 


the motion, and the settling down of vacancies and 
impurity 


hardening 


interstitials in such a way « nullify 


stresses. 2 It is suggested i source 


and impurity hardening play major roles in these 


allovs whereas interaction hardening has little in- 


fluence on their mechanical properties. (3) It is found 
that the free length dislocation distribution is inde- 


pendent of concentration and in fact does not seem 


to vary much from one metal to another t) It is 


felt that much basic information can be gained from 


further study of these allovs and to this end a num- 


ber of experiments are suggested 


the O.N.R 
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SELF-DIFFUSION IN ZINC* 
G. A. SHIRN, E. S. WAJDA, and H. B. HUNTINGTON} 


Che self-diffusion of si ole 
point with the use of Zn “asa 
to the hexagon il axis the data were ii I 
Dy = 0.13 cm?/sec, and for diffusion perpendi 
Dy = 0.58 cm?/sec. Several possible mechani 
that for zinc at least two are involved. It ca 


ind it is possible to explain the data on t 


L’AUTO-DIFFUSION DANS 


L’auto-diffusion dans de monocristaux de zinc de | 
point de fusion, en employant du Zn® comme indicateur et 
des sections au tour. Pour la diffusio parallélement a l’axe hexag 
avec une énergie d’activation Q = 21,8 kcal/mol et D 0,13 cm 
culairement a l’axe hexagonal Q = 24,3 kcal/mol et D 
possibles pour la diffusion sont discute s: il 
mécanismes sont impliqués. II peut en étre 
il est possible d’expliquer les donné 


SELBSTDIFFUSION IN ZINK 


| 
rae 


Die Selbstdiffusion von einkristallinem Reinstzink w 
mit Hilfe von radioaktivem Zn® und der iiblichen Sch 
Diffusion parallel zur hexagonalen Achse lassen sic 
= 21,8 kcal/mol und Dy, = 0.13 cm?/sec darstelle 
gonalen Achse 0 = 24,3 kcal/mol und Dy = 0,58 cm 
nismen werden diskutiert, und es zeigt sich, dass fiir d 
verantwortlich sind. Es kann aus diesem Material 
Leerstellenmechanismus ist, und es ist méglich die vor] 
zu erklaren 


1. Introduction where D;, D2, and D 


ire the three remaini 
It is the primary purpose of this project to investi- gonal components of the diffusivity tensor 

gate diffusion in those materials where the effect is the material possesses an axis of symmett 

anisotropic. In single crystals of such materials, the fold or higher, the diffusivity becomes iso 

diffusivity is described as a function of orientation the plane perpendicular to the axis 

by two, or at most three constants, at any given 1) is repl iced by 

temperature. The study of the variation of these 


Die 


quantities with temperature then promises an 
avenue of information about the atomic mechanisms where D(@) is the diffusivity of 
by which microscopic mobility is obtained. direction making an angle 6 with th 
In a medium where diffusion is anisotropic, and Dy and D, are respectivel 
the diffusion constant is actually a second order parallel and perpendicular to th 
tensor relating the vectors, concentration gradient, For any particular ate 
and diffusion flux, which may not be mutually finite number (one in 
parallel. In any arbitrary system of coordinates such — processes, more in the ring processes 
a tensor has nine components of which the six undergo permanent displacements, 
‘“‘non-diagonal’’ components are equal in pairs. designated £;, where 7 denotes 
For a particular coordinate system (which may or For any particular mechanism the thre 
may not be unique) the ‘“‘non-diagonal’’ components’ diffusion constants, D,, where 7 numbers 
will vanish. For the concentration gradient in a_ pal axes, are in the following proportior 
particular direction which has direction cosines 3 ee oo 
Y2, With the axes of this coordinate system, 
the diffusivity can be expressed as where y,; is the angle between the « 
the ith atom and the jth principal 
"Received March 20, 1953. particular case of a symmetry axis, cort 


+Physics Department, Rensselaer Polytechnic Instit 
Troy, New York, U.S.A. equation (2) one has 
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D ~ cos 


where 6; is the angle &; makes with the symmetry 


axis and the factor } in the second equation is the 
where ¢; is the azimuthal 


average value of sin? @;, 


angle tor &;. 

For the parti ular application of these ideas to a 
hexagonal lattice such as zinc, one depends first on 
a sufficiently comprehensive catalogue of 


Table | 


picking 
possible mechanisms. Five are listed in 
below: 

rABLE | 


RATIO oF D, /D 


1. Ring [1] of four, composed of two atoms from 
each of two adjacent basal planes arranged in a 
rec tangle. (For a hexagonal close-pac ked lattice the 
atoms would form a square. 

2. Interstitial mechanism. The interstitial atom 
is assumed to sit in a position displaced by a vector 
/3 a/3, 0, c/4 from a regular atom site. Diffusion 
would take plac e most probably bya process W herein 
the interstitial atom replaces the atom at the regular 
site and this atom in turn moves to a new interstitial 
site at — 1/3 a/6, a/2, — c/4. 

3. Vacancy diffusion (non-basal). A vacancy in the 
lattice is filled by a nearest-neighbour atom coming 
from an adjacent basal plane. 

1. Vacancy The 
filled by an atom from the same basal plane. 
The 


form an equilateral triangle in the basal plane. 


diffusion (basal). vacancy is 


5. Ring of three (basal). atoms concerned 


6. Ring of three (non-basal), composed of two 


atoms in one basal plane and one in an adjoining 


plane in what would be an equilateral triangle for 
a hexagonal close-packed lattice. 

The first column of Table I gives the ratio of D 
D\ for a hexagonal close-packed lattice, the second 
1.86 corresponding 


column the same ratio for c/a = 


to zinc. The ratios of diffusivities are calculated 
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from equations (4), as for example for the interstitial 


mechanism 2, D,/D\ = 3 (/34/3)?/(c/4)? which 
reduces to unity for c/a = (8/3)! 

that 
isotropic diffusion for hexagonal, close-packed crys- 
tals. Reference will be made to Table I in evaluating 


our experimental results in Section IV. 


) 


It is apparent mechanisms 1 and 2 give 


II. Experimental Procedure 


The diffusion data was obtained by a standard 
tracer-sectioning technique. Single crystals of zinc 
were grown from 99.999 per cent pure zinc, as ob- 
tained from the New Jersey Zinc Company. The zinc 
was sealed at reduced pressure in aquadag-coated 
pyrex tubes, and lowered through a temperature 
gradient. The resulting single crystals were cylinders 
about 4 in. long and 2 in. in diameter. The crvstal 
orientation of the cylinders were determined by 
cleaving the tip at liquid nitrogen temperature. 
Those with basal planes within 10° of being either 
parallel or perpendicular to the specimen axis were 
retained and usually oriented more precisely by 
X-rays at a later time. 

The suitable crystals were then mounted in wax 
and carefully cut with a fine jeweler’s saw into 
approximately one inch lengths. These small cylinders 
were remounted in wax and faced square in a lathe. 
The lathe 
After a pre-anneal the specimens were checked for 


smear was next removed by etching. 
recrystallization, but the rejection rate was low. 
The crystals were then electropolished and plated 
with radioactive zinc. 
The following plating solution was found by trial 

to be the most satisfactory for this purpose: 

0.1 gm. AIC] 

0.375 gm. NasSO, 

5 cc. 

3 cc. active Zn® solution 
The active Zn® solution gm. of 
Zn® dissolved in 11 ml. of 6 NH»SO, and diluted with 
water to a total of 15 ml. of solution. A rotary cath- 
(200 
employed. The anode was a pure zinc disc 3 inch in 


consisted of 2.2 


ode rpm) and a reverse plating cycle were 


diameter. The overall plating efficiency was low 

about 6 per cent). The thickness of the plating was 
estimated from activity measurements to run about 
10-4 cm. 

The specimens were allowed to diffuse at tempera- 
tures ranging from 410°C down to 240°C. with the 
corresponding diffusion time varying from overnight 
to several weeks. During the diffusion anneal the 
specimens were sealed off in small pyrex capsules 


at reduced pressure. Evaporization and condensation 
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1000; 


of the active zinc does not seem to have been a 
problem as indicated by the following evidence. The 
fragments of the pyrex capsule never gave any 
evidence of radioactivity. The activity of the lateral 
surface of the specimen decreased with distance 
from the plated surface and did not appear stronger 
than would be expected from surface diffusion. 
Lastly, the concentration of the radioactive isotope 
was found to be higher at the surface than would be 
expected from the solution of the thin film diffusion 
problem. The effect of evaporation would be to lower 
this part of the curve. 

After the diffusion period, 20 mils were removed 
from the cylindrical surface of the crystal to elimi- 
nate possible effects of surface diffusion. Sections of 
approximately 2 mils thickness were then turned off 
and the chips from each section were carefully 
collected and weighed to determine the thickness 
more precisely. They were then dissolved in 50 per 
cent HCl and sealed in olass tubes to facilitate the 
determination of their activity, which was done with 


an automatic G. M. counter [2]. 


III. Results 


The solution of the diffusion equation 


for the thin film boundary conditions with no 


appreciable blocking or evaporation from the surface, 


1S 


where Cy is the total activity deposited on surface; 
x, penetration distance into the crystal; ¢, time for 
diffusion anneal; D, diffusion coefficient; c, concen- 
tration of Zn®*. If In ¢ is plotted against (#)°, which 
represents the square of the average penetration 
distance, and a straight line is drawn through the 
resulting points, the line intercept is In (Cy)(Di 
while the slope gives (— 4D?t)~!. The diffusion 
coefficient is readily calculated from the individual 
slope for each temperature run. 

Sample data for perpendicular and _ parallel 
diffusion are shown in Figures 1 and 2 respectively. 
From the figures it can be seen that the first point 
lies well above the straight line through the data. 
This is probably due to departure from the thin film 
condition, though the possibility of blocking at the 
surface has not been ruled out. 

The measured values for the self-diffusion for the 
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two cry stallographi orientations in the temperature 


range from 240°C to 410°C are shown in Table II. 


rABLE II 


3695 
1.407 
2 180 
106 
1743 
1.192 
20 
561 
0584 
0266 


iv 


the parallel 


individual 
Table I] 


below. 


The probable error involved in the 


diffusion coefficient measurements see 


arises from many sources and is discussed 

Error in weighing of sections was not more than 
| per cent. The time of diffusion measurement varied 
from 1 per cent for the latter runs to about 5 per cent 
for the earlier runs. (This uncertainty in the early 
runs has been greatly reduced by a furnace redesign 


which brought about a reduction of time for attain- 


ing equilibrium.) The counting error varied con- 
siderably depending on the activity plated on each 
sample and also on the counting time. With a 1 hr. 
counting time and an initial activity of about 10,000 
c/min. on the sample surface, the counting error was 
ibout 2 per cent. The finite thickness of the lathe 
sections aiid their misalignment from the perpendi- 
cular to the diffusion direction have been estimated 
to cause an error of 1.5 per cent. A treatment of 
these considerations is given in the appendix, since 
it does not appear to be readily available elsewhere. 

The diffusivities of zinc as given in Table II are 
based on the room temperature lattice dimensions. 
The lattice 


expansion at higher temperature affects mainly D). 


correction to take into account the 


The corresponding Dy, is increased by about 2 per 
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(0.004 


observed 


cent and the value of Q is increased by 


kcal/mol. These changes are less than 


experimental uncertainty. Also of the same order of 
magnitude are the corrections arising from the fact 
that the actual diffusion directions are never exactly 
parallel or perpendicular to the specimen axis. 

the diffusion coefficient obeys 


If we assume that 


the exponential relation, 


D == Doe 


we can plot In D vs 1/7. The best straight line drawn 
through this plot gives a slope which is the activation 
energy (Q) and an intercept which is the logarithm 
of the frequency factor (Dy). The data are plotted 
in Figure 3 for the two diffusion directions. The data 
fitted 
following values for Q and D 


were with a least square fit and gave the 


Parallel Perpendicular 
21.8 kcal/mol Q = 24.3 + 0.5 kcal/mol 


0.13; cm?/sec. Dy = 0.53 cm?/sec. 


3 


x 


FiGuRE 3. Log Dvs.1/T:+, Dj; °, D 


Crvstal D 1/7 Crystal Probable 
cm? /sec Ix orienta- error 
10 5.015K10 1.538810 12.3 
14 1.540 1.624 89 16.7 
15 1.783 1.642 ' 9.2 
16 11.92 1. 464 11.5 
17 11.95 1.466 ‘ 7.0 
IS 9 20 1.465 S4 6.5 
19 5.95 1.504 RO 
20 1.724 8414 8.1 
2] 1.658 Q4 7.9 
23 1. 585 S7 3.4 
24 1 8484 QR 3.0 
25 1.8484 ' 3.8 
26 1.64] 7.4 
97 1.546 86 9.0 = 
28 675 &5 10.0 
D, = 
29 1.949 3.0 
30 1.949 2.5 
31 6. 1.478 89 VO] 
32 8.27 1.478 Su 
*All of the crystals used in {MBAs were under 10°. 
| 
10 
5 
fon) ° 
5-9 
E 
i=) 
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IV. Conclusions 


The both and 


perpendicular to the hexagonal axis lie along straight 


values for diffusivity parallel 


over 24 decades when plotted on semi-log 


lines 
paper against the reciprocal of the absolute tempera- 
ture. For the parallel diffusion the fit is very good, 
fortuitously so perhaps, in view of the calculated 
probable error. On the other hand, while there is no 
apparent trend to the deviations for the diffusion 
perpendicular to the hexagonal axis, the random 
scatter is somewhat greater than would be expected. 
We are tempted to speculate that this may be a 
real effect and that submicroscopic cracks, or mosai 
structures, may make diffusion in the basal plane 
less reproducible than in the direction parallel to the 
axis. There appears, however, no evidence that this 
effect is relatively more pronounced at lower 
temperatures. 

An earlier investigation of self-diffusion in zin 
was carried out by Miller and Banks [3] about ten 
With for Q and D 


in parallel diffusion are in good agreement but for 


years ago. them our values 


D,. our value of Q is lower by 25 per cent with 
corresponding changes in Dy. This discrepancy is 
not too surprising since Miller and Banks had only 


one single-crystal specimen with figure axis at an 


angle greater than 45° with the hexagonal axis and 


they relied largely on polycrystalline units to give 
information on perpendicular diffusion. While some 
experiments in our laboratory indicate that grain 
boundary diffusion should not be important in the 


Miller 


worked, we have found that preferred orientations 


temperature range at which and Banks 
and grain growth are extremely difficult to eliminate 
in polycrystalline experiments. It is of interest to 
point out that in our data the two values of Dy» are 
within a factor of five of each other and both are of 


the order of a few tenths cm?/sec which agrees with 
recent findings in other diffusion investigations [4 
and theoretical concepts 5] on the calculation of 
the entropy of activation. 

considerations 


When one comes to apply the 


discussed in the introduction to a determination of 
what mechanisms may be operative in bulk self- 
diffusion of zinc, it is apparent that, since the two 
experimental lines have a difference in slope outside 
the experimental error, there must be at least two 
mechanisms involved. In order to explain the fact 
fact that D 
temperature range ol 


is of the order of twice D, in the lower 


the measurements, the non- 
basal mechanism Table | 


(Mechanism 6 is inadequate at the higher tempera- 


3 (see must play a role. 


F-DIFFI 


SION IN ZIN(¢ 


ture.) One can indeed go further if one is willing to 


make the following only two mechan- 


issumptions 
sims make appreciable contributions to the diffusion 


in this range; the list of mechanisms given in the 


introduction is sufficiently inclusive: and the data 


can be relied upon within the quoted experimental 


error. | these assumptions it c: be deduced 


pon 
that either of the basal mechanisms 4 or 5 cooperate 


with 3 in giving the observed behavior of the 


diffusivity. 


Che general line of argument by 


elimin ition 
be illustrated from the following treatment of 


possibility that mechanisms 3 plus | or 2 


dominate. It would follow then that the diffusivities 


can be expressed as 


= 20.19 Ave 


where subscripts | and 3 refer to the contributions of 
Solvin 


One 


mechanisms | and 3 respectively to D 


obtains 


D 0.19D 
0.78D - I) 0.59 


[he substitution of experimental data in the 


rignt- 
hand sides ol these equations P1IVeS a reasonable se 


ot values for A ind Q; but \ ilues for (0.78D 


turn out to be ‘vative at the high end of 


temperature range which indicates that this assu 
combination of mechanisms will not explain the « 
however, that an ert 
D it 


lt should be pointed out 


10 per cent in the ratio of high temper 
tures would sufficient to vitiate the argument 


The value at 110% 


with excellent ag 


has been measul 


twice reement values ot 


have ilso been measured 


ion and lie 
as shown in 


an error ot 10 per cent 


high temperature end is unlil 
combination of mechanisn 


not explain the data 


ses can be used to disprove 


In general, similar anal. 


other pairs of mechanisms more decisivel If one is 


willing to postulate three or more mechanisms 


contributing appreciably, then the problem is 


determined to eliminate these mort 


Phe 


stronel\ that 


insufficientl, 


complex possibilities. previous arguments 


however. suggest two mechanisms 


only are operative and that they are quite likely bot! 


ot the vacancy type 
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[his particular combination can be analyzed by 43 
equations analogous to (5 and (9 se 
D 
D — 


where A, and Q, refer to a purely basal mechanism Since f(x) is an even function with respect to 


10 


such as 4 or 5. Solving one obtains x x,), the linear term makes no contribution to 
— 19D). One obtains 
lhe best fit to the experimental data for A, and Q, 
gives Q, = 24.9 kcal/mol and A, = 0.7 cm?/sec. 
with a marked scatter at the lower temperatures. 
It is apparent from equation (10) that the com- 
bination of mechanisms 3 plus either 4 or 5, will 
never permit D, < 0.19D\. Presumably, if the data 
could be extended to sufficiently low temperatures, 
the line for In D vs ] tf would swing parallel to 
In D)\ and lie lower by a displacement of approxi- 
mately In 5. Our data does not extend into the region 
where this ( hange should be readily apparent. 
We wish to express our thanks to Dr. Herbert 
Clark for his very valuable assistance in handling On substitution and simplifying 


the radioactive zinc and in preparing the electrolytic F ; 
+ 5 


plating bath. (A7 D4 


his work was supported by an AEC Contract. 
If one takes the form of c(x) to be Ke~“’”* where 
APPENDIX A p = 2(Dt)’, the diffusion distance, it follows that 
Derivation of Formula for Error Resulting 48 d\n c(x, t 
from Finite Thickness of Slice and d(x" - 
Misalignment to terms in first order in (d/p)* and (s/p)*. This 


Op” 


Assume that the sections cut on the lathe have a_ shows clearly how the errors from misalignment and 
thickness d and that the surfaces of the cuts make a_ thickness of section tend to make experimentally 
small angle a with the planes of equal radioactive measured diffusivities too large by quantities 
intensity. If the concentration of such activity is proportional to the squares of these errors. It is 
represented by c(x,t). then the average concentra- of interest to observe that these results are approxi- 
tion in a section with mid-point x, is given by mately independent of x; 

A similar calculation has been carried out for a 
Al C(x, 1 _t) f(x) dx, specimen of circular cross section with the result 


d\n c(x, t 9 l /4 


~ p 


where the form of f(*) depends on d, a, and the shape 
of the specimen. For a specimen of rectangular d(x” Op” 
cross section and misaligned in only one direction, 


one has for f(x): References 


For detailed discussion of ring mechanisms in diffusion 
for —4(d < ' 1 < . 1 of face-centered cubic metals see ZENER, C Acta Crvst., 

3 (1950) 346. 

SHIRN, G. A. and Wajpa, E. S. Nucleonics, 10 (1952) 30. 


ior 
ss Miter, P. H. and Banks, F. L. Phys. Rev., 61 (1942) 


64S 
for 3(d- 1 < 3(d ; See for example Wert, C. A. J. Appl. Phys., 21 (1950) 
1196; or StirKin, L., Lazarus, D., and TomizuKka, T. 
Phys. Rev., 86 (1952) 656 
the specimen width. 5. Wert, C. and Zener, C. Phys. Rev., 76 (1949) 1169; 
One expands c(x,/) in a power series about x, ZENER, C. J. Appl. Phys., 22 (1951) 372. 


where s is the misalignment distance, i.e. a times 
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DIE AUFSPALTUNG VON VERSETZUNGEN IN METALLEN 
DICHTESTER KUGELPACKUNG* 


A. SEEGER+ und G. SCHOCK? 


Die vorliegende Arbeit behandelt zwei Probleme aus der Theorie der Versetz 
tischen Eigenschaften von geraden Versetzungslinien in Kristallen beliebige: 
Aufspaltung in Halbversetzungen in dichtest gepackten Gleitebenen 

Es ergibt sich, dass die iibliche Zerlegung in ‘‘reine’’ Stufen und Schraubs 
nur dann mOglich ist, wenn die Richtung der Versetzungslinie geradzahlige Symmett 
andere Vereinfachung gegeniiber dem allgemeinsten Fall tritt dann ein, wen: ( 
in eine Spiegelebene (nicht Drehspiegelebene) fallt. Die Aufspaltung in Halbversetz 
Hilfe des Begriffs der spezifischen Stapelfehlerenergie und unter voller Beriicksicht 
tropie mit dem von Leibfried und Dietze zuerst verwendeten Variationsverfahr 
Schraubenversetzungen durchgefiihrt. Numerische Resultate werden fiir C 
Ergebnisse weichen zum Teil stark von denjenigen ab, bei dene 
Elastizitatstheorie beriic ksichtigt werden 


THE SPLITTING OF DISLOCATIONS IN METALS WITH CLOSI 


Che present paper deals with two problems in the theory of dislocati 
of straight dislocation lines in crystals of arbitrary symmetry; (2) the split 
closest-packed lattice planes 

It turns out that the usual splitting into pure edge dislocations and pure screv 
possible if the direction of the dislocation line is an even symmetry axis. Another 
respect to the most general case occurs when the dislocation line | 
not rotation-reflection plane). The splitting of the half dislocations is t 
dislocations by means of the variation method first used by Leibfri ind Dietz 
a specific stacking fault energy and taking the anisotropy fully into account. N 
given for Cu, Al, Co. Some of the results devi: nsiderably from those based 
energy and isotropic elasticity. 


LA DIVISION DE DISLOCATIONS DANS 


Le présent article traite de deux probl mes da 
élastiques de lignes droites de dislocations dans 
demi-dislocations dans les plans de la plus g 

Il apparait que la division habituelle e1 
possible que quand la ligne des dislocations 
rapport au Cas le plus général se prése nte qu 
réflexion (mais pas un plan de rotation-réflexi 


les cas des dislocations-coin et des di 


sloc 
Leibfried et Dietze se sont servi pour la premier 
les défauts d’¢ mpilage et tenant compte de | 

le Cu, Al, Co. Certains de ces résultats diff 


des défauts dl’¢ mpilage et l’élasticité 1 


Svmmetrieelemente 


1. Einleitung Behandlung des praktisch wichtigen Falles, nit 


Versetzungen in Kristallen verschiedener Struk- lich der Gleitebene {111! in kubisch-flachenzentriet 


tur haben im allgemeinen verschiedene Eigen- ten Kristallen ausschliessen. Wir besprecher 

schaften. Die Verschiedenheit beruht zum Teil aut \bschnitt 2 eine Methode, die auch diesen | 

der Anisotropie der Kristalle und zum Teil auf den  behandeln gestattet 

Potentialverhaltnissen in der jeweiligen Gleitebene Die Potentialverhaltnisse in der Gleitebet 

Mit der anisotropen Elastizitatstheorie der Versetz- massgebend fiir die Frage, und wie st 

ungen haben sich Burgers [1] und Eshelby [2]  vollstandige Versetzungen 

befasst. Da Burgers den Fall einer beliebig ver- meint, deren Burgersvektor Gittervektoret 

laufenden Versetzungslinie in kubischen Kristallen uisgitter des betreffenden Krista 

im Auge hat, muss er sich auf ein Naherungsver-  zuerst von Heidenreich und Shockley [3] betrachteten 

fahren beschrainken. Eshelby behandelt nur gerade  unvollstandigen Versetzungen oder Halbversetzun- 

Versetzungslinien von Stufenversetzungen und findet gen autspalten  k6nnen Diese \ufspaltungs- 

streng giiltige Resultate, doch macht er tiber die méglichkeiten sind nach heutiger Ansicht wesent 

lich tur das plastise he Verh ilten det Vik | illkristalle, 

*Received April 23, 1953. ausserdem kommt ihnen vermutlich eine gewisse 
fInstitut fiir theoretisch und angewandte Physik det Bedeutung fui Zwillingsbildung | und allotrope 


Technischen Hochschule Stuttgart. 
tMax-Planck-Institut fiir Metallforschung Stuttgart Umwandlungen [5] zu 
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Leibfried und Dietze [6] haben geeignete Ansatze 
fiir die theoretische Behandlung dieser Aufspaltung 
in der {111}-Ebene des kubisch-flachenzentrierten 
Gitters bzw. in der hexagonalen Basisebene ange- 
geben, aber wegen mathematischer Schwierigkeiten 


durchgetiihrt. Wir 


wie man alle wesentlichen Ziige 


nicht vollstandig werden in 
\bschnitt 
des Problems, einschliesslich der Anisotropie, bertick- 


Formeln 


3 zeigen, 


dennoch zu auswertbaren 


\bschnitt 


sichtigen und 


kommen kann. In t werden praktische 


Beispiele diskutiert. 


2. Verallgemeinerte ebene Verzerrungs- 
zustande in anisotropen Medien 


Das Spannungs-u. Verschiebungsfeld einer ge- 


einem sog. 


verallgemeinerten ebenen ab- 
leiten. Wir denken uns dabei ein kartesisches Koord1- 


raden Versetzungslinie lasst sich aus 


Verzerrungszustand 
naten system x, y, z so eingefiihrt, dass Spannungen 
und Verschiebungen von der z-Ikoordinate unabhan- 
gig werden. Die Versetzungslinie ist dann parallel zur 
s-Achse. Man kann die Gleichgewichtsbedingungen 


fiir die Spannungen mit Hilfe von zwei Funktionen 


F(x, y) und @ (x, y) befriedigen. Im isotropen Falle 


geht F in die Airysche Spannungsfunktion, @ in die 
Stabe beniitzte 


} 


bei prismatischer 


der ‘Torsion 


Schubspannungsfunktion tiber [7]. Aus diesen bei- 
den Funktionen leiten sich die Komponenten des 
Spannungstensors folgendermassen ab: 

OF 


Oxoy 


Die Funktionen F und @ haben dem folgenden 


System partieller Differentialgleichungen zu genii- 


een |S], das aus den nicht identisch befriedigten 


Kompatibilitatsbedingungen hervorgeht: 
Ses) Fz 


Sis Dyyy 


+ (2812 + 


2SoeF — 2S16F ryyy — 


Q,, = const. 


Die S,, hangen mit den elastischen Koeffizienten 


durch die Gleichungen 
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zusammen. Fiir die elastischen Koeffizienten wurde, 
um in Ubereinstimmung mit Boas und Mackenzie 
9], Voigt 110} Maehli bleiben, die 


folgende Definition gewahlt 


und 11] zu 


des \ erzerrungstensors 


Die 
sind die « 
Die 


3 ist 


Tensorkomponenten 


der rechten Seite von Gl. 
Null verschieden, wenn an 


Torsions- 


Konstante auf 


nur dann von 


dem  betreffenden elastischen Kd6rper 


momente angreifen. Bei den hier interessierenden 
Problemen von Versetzungen in Kristallen muss sie 
Null gesetzt werden. 


Fiir die spateren Anwendungen ben6tigen wir 


diejenigen Loésungen, die Einzelkraften in x 
Halbraum 


oder 
c-Richtung welche am 


y > 0 an der Stelle x = 0, y = 0, = 
mit dem Ansatz 


entsprechen, 
angreifen. 


Sucht man die Gl. (3 


(6a) F Ala 


exp (lax -+- laxy 


(6b @ = 1aBla exp (lax + 1aKY 

zu lésen, so bekommt man als Lésbarkeitsbedingung 
fiir die Gl. (3a) und (3b) eine Gleichung 6. Grades 
fiir x. Es gibt im wesentlichen zwei durch die Kris- 
tallsymmetrie bedingte Mdéglichkeiten fiir deren 
Reduktion auf einen geringeren Grad: 

in eine Gleichung 4. 


Grades fiir F allein und in eine Gleichung 2. 


1. Gleichung (3) zerfallt 


Grades 


fiir @ allein. 


2. Gleichungen (3) eine Gleichung 


ergeben 
Grades fiir 
Der erste Fall tritt ein, wenn 


é 
é 
va = 
} 
e 
Ou 
é — = 
Ox 
Cuy = Evy = - 
Ow 
OZ 
(Sb 
Ov OW 
=2. = | 
Oz oy 
Ow Ou 
=2.€ =~ 
Ox 
ov Ox 
F 
Ox” 
Od Od 
Ox 
+ (So, + — + = O 
3b — S1sF yyy — (Sos + Sas) F; 
+ (Sia + S56) — — 
3 
Sri = S) — S535 


SCHOCK \ 


7 So4 Si: = Sox Sac = S14 Ss 
ist. 

Nach Voigt ist dies gerade die Bedingung dafiir, 
nicht jedoch 


dass die z-Achse in eine geradzihlige 


dreizahlige Svmmetrieachse fallt, oder, was damit 
cleichwertig ist, dass die z-Achse auf einer Spiegel- 
ebene (nicht aut einer Drehspiegelebene senkrecht 
steht. 


des 4 alles 


verschiedene Méglichkeiten: 


Fiir das Eintreten es drei 


Sos = - 


Sa = 


490 


Sis Sis 
Sie = So So4 = 
Sr Sis 


= So, = = So, 


Gl. (8a) und (8b) entsprechen den Fallen, dass die 


v-Achse bzw. die y-Achse zweizahlige Achsen sind. 
Liegt die z-Achse also in einer Spiegelebene, so kann 


man durch eine Drehung des Koordinatensvstems 


stets erreichen, dass einer der 


eintritt. Fall (8c) entspricht 
die S 


z-Achse 
oder (Sb 


Bedingung 


die 
(Sa 


um 
F alle 
ohne zusatzliche fiir keiner 
kristallographisch deutbaren Eigenschaft. Beispiele 
den Fall 
fiir den 


21] 


tur 
110 


Richtung 


aus dem kubischen System stellen 


7) Versetzungslinien in Richtung 
Fall (8a, b 


dar. 


Versetzungslinien in 


Die Bedingung (7) fiir das Zerfallen von Gl. (3 


in zwei getrennte Gln. fiir F und @ legt diejenigen 
Richtungen von geraden Versetzungslinien fest, in 
Stufenversetzungen und “reine” 


denen ‘“reine’’ 


Schraubenversetzungen mdéglich sind. Unter einer 
‘‘reinen’’ Stufenversetzung verstehen wir eine solche, 
bei der nicht nur der Burgersvektor, sondern alle 
Verschiebungen senkrecht zur Versetzungslinie sind 
Entsprechend treten bei einer ‘‘reinen”’ Schrauben- 
versetzung nur Verschiebungen in Richtung der 
Versetzungslinie auf. 

Fiir Versetzungslinien in kubischen Kristallen mit 
einer | 111{-Ebene als Gleitebene stellt die (110)- 
Richtung also die einzige Méglichkeit fiir das von 
Medien Auftreten 


Stufen- und Schraubenversetzungen dar. 


isotropen her vertraute reiner 
Dagegen 
liegen die Verhaltnisse fiir Versetzungen mit der 
Basisebene des hexagonalen Systems als Gleitebene 
viel einfacher, da dabei die Bedingungen (7) und (8 
fiir alle Richtungen gleichzeitig erfiillt sind, sodass 
sich die oben erwahnte Gl. fiir « in eine in x? lineare 
und eine in «x? quadratische Gleichung zerspaltet. 
Fiir die folgende Diskussion beschranken wir uns 
der praktischen Bedeutung wegen auf geradlinige 
'111!-Ebene oder 
der Die 


Normale auf diesen Ebenen sei stets die y-Richtung. 


Versetzungen mit der kubischen 


hexagonalen Basisebene als Gleitebene. 


FSPAI 


VON VERSETZUNGEN 


behandeln wit diejenigen 


oben besprochenen 


\usserdem 


nul 


denen eine det Reduktionen 


eintritt. 


Die elastischen Koeffizienten kubischer Krist ille 


werden stets in IXoordinatensystem mit den 


einem 
hsen 
IZ; 13; 14 In 


Schema der elast 


als Koordin itenac hse I ings geben 


\ufstellung | 


ischen Koeffizienten s 


kubischen 


diese lautet das 


\ 


\ls Aufstellung I beim hexagonalen S: 


stem bezeich 


der 
Die 


nen wir ebenfalls die tibliche [12: . ; 
die z-Achse in \chse liegt 
wegen det 


Lage det 


hexagonalen 
hse Ist 
elastischen Ejigenschaften 


Das Schema 


der 
v- und y- Rotations 
der 


hse belanel S 


svmmetrie 
hexagonale det 


lautet 


} 


der die elastischen Koeffi- 


Als Auftstellung II, in 
bezeichnet werden, wahlen wi 


eine 11] 


Basisnormale fallt. Dann sind 


zienten mit 


solche, bei der die y-Richtung in 


Richtung bzw. in die 
Gitte beides Spezial- 


hse als 


Es dabei 


hexagonales und kubisches 


falle des trigonalen Gitters mit det 


dreizahlige Syvmmetrieachse noch 


verschiedene Moglichkeiten, die x-, z-Achsen zu 
bezeichnen wit 


orientieren. Als (II’ diejenige, in 


110)-Richtung im kub 


Die 


der die z-Richtung einet 


schen Gitter parallel ist andere von uns zu 


beniitzende Orientierungsmdéglichkeit geht 


aus (II’) durch Vertauschen von x- und z-Koordinate 
hervor. In diesem Falle ist die z-Richtung parallel 
zu (211 

Das Schema der elastischen Koeffizienten im tri- 


\ufstellung (II’ 


gonalen System lautet in 
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= 0 Si, O 
—- 4 
S Ss Ss 0 
7 Ss () ) 
: Ss () () ) 
953 Qh Ss () 
Sy, 
Q 
) () ) 
() 
u 


RGICA, VOL 


in Aufstellung (I1’’): a) Versetzungslinie in (110)-Richtung (Aufstellung 


II’ 


( * Macht man fiir das Schema II’ den Ansatz 


(6a), so ergibt sich fiir « die Gleichung 


Im Spezialfall des kubischen Gitters gilt fiir das 
Schema (10a 


Wurzeln von 


reell, 


Im Schema (10b) tritt an Stelle der letzten Gleichung 


fiir S36 die Gl Die allgemeine, fiir y > 0 brauchbare Lésung von 


Llb 
exp V KI 
Im hexagonalen Gitter, bei dem die Falle (II’) und 


zusammentallen, g1 


+ Asla exp lake’ | exp tax da 
die von uns gesuchte spezielle Loésung mit den 


Randbedingungen 
16 


ergibt sich hieraus mit 


2 1a Ky’ 
Wir stellen nunmehr fiir die oben bezeichneten 
Spezialfalle diejenigen Lésungen auf, die Tangen- Aus der Gleichung 
tialkraften der Starke 1 entsprechen, welche am 
Halbraum y >0O im Ursprung angreifen. Dabei (18 
bezeichnen wir als Schraubenversetzungstall den- 
ienigen, in der die Kraft in z-Richtung wirkt und als erhalt man unter Beriicksichtigung von 
Stufenversetzungsfall denjenigen, in denen die = §$16/S1) 
Kraft in x-Richtung angreift. Fiir die Anwendung 
in Abschnitt 3 im Rahmen des Peierls’'schen Modells (49 
benédtigen wir dabei insbesondere die Verschie- 
bungen uw4(x) und w,(x), die durch diese Bean- 
spruchung in der Grenzflache y = 0 auftreten. 
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12) Sur — x? + (2S re + Sea) « 
S55 S514 —2Sooxk +S = 
4 mit 
(13) 25 T See 254) T 911544 
= g817T 3812 T 
9 1 = — Syo Se 
$29 Si + S44 
l 2 Soo 52 ~ 
is Si. + Sic — § S44 
lla 
2 2 l4 
Sas = Sil — Sie + S44 K = K Ko 
San = S10 — S44 mit 
«, > 0 
Gl. (3a) ist 
t 
S 
T = O\X tur 0 
S 
5 = 2(811 — Sis 
A, a A>sla 
0) Li 
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Fiir eine beliebig vorgegebene Schubspannungs- Die beiden Konstanten 
verteilung 7,,(x) erhalt man daraus 
(30a 


(20) us’ (x) 


Im Schraubenversetzungsfall kann statt 
o(x, y) die Verschiebung w(x, y) in z-Richtung (30b Ko 
einfiihren. Die Kompatibilitatsbedingungen sind 
dann samtlich identisch erfiillt, die Gleichgewichts- _reduzieren sich im isotropen Medium auf 


bedingung 
K, 

(21) 
K 
geht wegen G 


wobei G der Schubmodul und yu die Poissonsche 


Konstante ist. Im hexagonalen Kristallsvstem ver- 


einfacht sich ausserdem Zu 
und Gl. (10a) iiber in 
(32 Ks \ S44 


Ow 
$$. 
T b | erseizungsliinie in 211)-R chiung Au 


II” 


Geht man mit den Gl. (6) in das Simultansvstem 


4 


Ox 


3) ein, so erhalt man 


seien die beiden 


Wurzeln der Gleichung 

Das Verschwinden der Koeffizientendeterminante 
Die fiir den Halbraum y > 0 brauchbare allgemeine von (33) liefert fiir « die Gleichung 


Lésung von (22) ist 


= | A (a) exp (lax + 1 ks ay 
e 


Die spezielle L6sung mit der Randbedingung 
Die drei fiir-den Halbraum 


(26) Ty2(X) = — O(x fiiry = 0 zeln haben die Form 


ergibt wegen 2536 = Ss: 


27) =; 
2 
und 
0 mit xi, K reell, > 0. Man erhalt drei zuge- 
OW \X, } 
— - horige Werte fiir das Verhaltnis A /B: 


(28 ) Wa \X) = K 2 
Ox 


Fiir eine beliebig vorgegebene Schubspannungsver- 
teilung r,-(x) erhalt man daraus 


Als Lésung fiir den Halbraum y > 


os - = 
(29) A \ . und (3b) folgt: 
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> T A? 
de 
t 
und 
Ow Ow 
(22) 
“= ung 
mit 
= 311544 
TOL (23 S45 = 2511 S36 
S55 = S11 S55 33a) + + Soe) x? + S 
Bl (Sta + Soe) x? + Su] = 0 
+ + + Ser 
(25) w(x, y) 
34 “T S44 2S; T 6¢ S14 
Al h 
B » i 7 S; T { 
= 
A, O55 K 4 
fur Gl 3a 
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(36a) F(x, y) a |A1(a) exp 1K, y 
J 

+ Ao(a) exp 


+A3(a) exp ixsia|y} exp tax da 


(36b) o(x, y) i | (a) exp ikilaly 


oA 2 (a) exp ike 
+ y3A3(a) exp ixs|a\y} exp tax da 


Fiir die Randbedingungen 


(37) Oy=¢y2=9, Or = Try = 


ergibt sich wie oben 
(38) 


mit 


(39) 


9 9 


9 


Si ¥1(ke = Y2(Ks ¥3(K1 — K2) 
Fiir die Randbedingungen 


(40) ty = oxy = 


folet 


(41) 


Ky 
— 


Y1i\ Ke 


Im isotropen Fall gilt 
(43b) 


13a Ks 


im hexagonalen Fall 


Ky V/ 544555 
Gegeniiber den Gl. (3la, b) erscheinen die Defini- 
und Kz Die 
3ezeichnung ist jedoch konsequent, wenn 


tionen von K, gerade vertauscht. 


jetzige 
man spatere Fallunterscheidungen vermeiden will. 


3. Berucksichtigung der periodischen 
Struktur der Gleitebene 


der Behandlung der Verhidltnisse in der 


Bei 
Gleitebene beschranken wir uns sogleich auf hexa- 
gonale Basisebenen, bzw. {111}-Ebenen in flachen- 
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zentriert-kubischen Gittern. Das Gemeinsame 
dieser beiden Fille ist, dass es fiir die Atome in einer 
bestimmten Netzebene zwei Arten von Gleich- 
gewichtslagen gibt, namlich solche, die zum hexa- 
gonalen Gitter fiihren, und solche, die zum ku- 
bischen Gitter gehéren. Der Unterschied zwischen 
diesen beiden Méglichkeiten tritt jedoch erst auf, 
wenn man mindestens drei aufeinanderfolgende 
Netzebenen betrachtet und in die Rechnung ein- 
bezieht. Wiirde man dies tun, so wiirden die entsteh- 
enden Gleichungen schwerfallig und keiner streng- 
en Behandlung zuganglich sein. Es ist deshalb 
Dietze [15] im 


Modells weiterhin zwei 


zweckmassig, wie Leibfried und 
Rahmen des Peierls’schen 
aufeinanderfolgende Netzebenen zu betrachten und 
die Grundgleichungen, als Variationsproblem for- 
muliert, mit dem Ritz’schen Verfahren zu lésen. 
Da es 
fahrens ist, die Gesamtenergie als Funktion mehre- 
und zu 


der Grundgedanke des Variationsver- 


rer Parameter explizit zu berechnen 
einem Minimum zu machen, kann man den energe- 
tischen Unterschied zwischen ‘‘kubischer’’ und 
“‘hexagonaler’’ Gleichgewichtslage hierbei sehr leicht 
mit Hilfe des Begriffs der spezifischen Oberflachen- 
eines Stapelfehlers beriicksichtigen. Wenn 
;111}- 


Ebene die falsche Gleichgewichtslage besetzt, so ist 


energie 
in einem gewissen endlichen Gebiet eine 
dieses Gebiet durch Halbversetzungen vom Typus 
ta < 21i > berandet. Man kann deshalb die Flache 
F dieses fehlgeordneten Gebietes, das man einen 
Stapelfehler nennt, als die von der Halbversetzung 
eingeschlossene Flache verhaltnismassig genau defi- 
nieren. Fiir nicht zu kleine F wird der Energie- 
iiberschuss & des Stapelfehlers proportional zur 
Zahl 


portional zu F sein: 


der fehlgeordneten Atome und damit pro- 


Ober- 
unten noch einiges 


die Bestimmung der _ spezifischen 


Uber 
flachenenergie y werden wir 
sagen. Hier sei der Fall besonders erwahnt, dass der 
Stapelfehler durch zwei gerade Versetzungslinien mit 
dem Abstand 2y begrenzt wird. 

Die Oberflachenenergie pro Langeneinheit (von der 


wir in Zukunft allein sprechen werden) wird dann 
E = 2m 


Derartige Stapelfehler werden sich allge- 
meinen immer bei vollstandigen Versetzungen mit 
dichtest gepackter Netzebene als Gleitebene aus- 
bilden. Es stellt sich hier ein Gleichgewicht ein 
wesentlichen proportionalen 


zwischen der im 


Abstossung der beiden Halbversetzungen und der 


— fiir y = 0 
= = — O(x) fiiry = 0 
K, 
wa'(x) = — 
T e 
mit 
(4° 
K Yoko(K3 — Ky Y¥3K3\K1 Koa) 
E = yF 
g g 
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Oberflachenspannung des Stapelfehlers. Dieses Aus- 
einanderspreizen einer Versetzungslinie in ein in 
einer {111}-Ebene liegendes Stapelfehlerband ist 
verantwortlich fiir den Umstand, dass auch Schraub- 
enversetzungen im kubisch-flachenzentrierten Gitter 
eine definierte Gleitebene haben. Die Breite dieses 
bestimmt 
fiir cross-slip. 

Wir 


Behandlung der Aufspaltung die Schrauben- und 


Bandes dabei die Aktivierungsenergie 


werden als Beispiel fiir die qualitative 
Stufenversetzungen wahlen. Durchgefiihrt wird die 
Rechnung fiir die Schraubenversetzung, doch wur- 
den die Bezeichnungen so gewahlt, dass die Ergeb- 
nisse ab Gl. (57) fiir beide Falle gelten. Mit denselb- 
Methoden 


auch die Falle behandeln, in denen der Burgersvektor 


en mathematischen kann man jedoch 
mit der Richtung der Versetzungslinie einen Winkel 
von 30° oder von 60° bildet. 

Die Gesamtenergie pro Langeneinheit im Peierls’- 
schen Modell setzt sich aus der elastischen Energie 
E,,;, aus der Wechselwirkungsenergie -,, und aus 
der Stapelfehlerenergie 2ny zusammen. Es gilt im 
vorliegenden Fall 


(44) = 


Ear t+ Eas + 2n7 


mit 


(45) = | [Ty2(x) wa (x) 


und 


(46) Eas 


cos 47 


Wegen der Ableitung der Beziehungen fiir /,,; und 
Eu, sei auf die Arbeit von Leibfried und Dietze 
verwiesen. Die Konstanten 0, h und ¢ hangen mit 
der Wiirfellange a im kubischen Gitter folgender- 


massen zusammen. 
(47) 


Im hexagonalen Fall ist 2c die Gitterkonstante in 
Richtung der hexagonalen Achse und 6 = 3 V3h 
die Gitterkonstante in der Basisebene. 

Fiir den Schubmodul G hat man im hexagonalen 
und kubischen Fall G = 1/s44 zu setzen. Die Null 
punkte fiir die Verschiebungen werden so gewahlt, 
dass die gegenseitigen Verschiebungen der beiden 
in die Rechnung einbezogenen Netzebenen 
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Usp = 2u 
(48 


sind. 


Aus den Gl. (20) und (2! 


(49a ) 
(49b 


Einsetzen von Gl. (49a, b) in (45) gibt 


Je 


Us (X)U4 
wKy ee 


Die Hauptschwierigkeit bei der Berechnung der 


dxdé 


Gesamtenergie durch das Ritz’sche Verfahren bietet 
der Anteil £,,. Ein zweckmassiger Ansatz ist 


Us(x) = are tg 
l2r 


Er stellt zwei Halbversetzungen im Abstand 2y dar, 
Fall. 


ein 


entspricht also dem oben FeS( hilderten Die 


Versetzungslange oa, die ebenso wie 7 freier 


Parameter ist, wire eigentlich fiir die u-Verschiebung 


und die w-Verschiebung verschieden zu wiahlen. 


Die Annahme gleicher Versetzungslangen in den Gl. 
51) ist jedoch fiir die Berechnung von £,, wesent- 


lic h, da sie die Giltigkeit det einfachen Gl i hung 


l2 
COS 


\nhang werden wir mit dem 


nz in der Form 


zur Folge hat. Im 


Ansatz (51) & 


(54) 


berechnen. 


Bei der Berechnung von £,, treten die Integrale 


595 
WAR 
) (ole 
us’ , 
di 
wKie &— x 
wa'(t 
T di 
(50 
(51 
) \ n 
W 4 (X arc tg arc T 
Ar 
irc tg 
= + 2 cos 4a— 
Lo Ce 2 
( | + cos Se + dx 
h 12 h 12 
~< l2 ru. 
(52 L sin 
mit 
0 
h=}V6a 
= 7— 
Lo ( 
55 
( ) In (] @ } 


RGICA, 


b\° 2 


auf. Bei dem Integral Gl. (56) hat man, um Konver- 


zu erreichen, endliche Integrationsgrenzen 
+ L einzusetzen. 

Die Gesamtenergie lautet unter Beriicksichtigung 
von GI. (54, 55 und 56 


Die Bedingungsgleichungen des Ritz’schen Varia- 


tionsprinzips 


/ 
Oo / 


| 
6 


A4) des Anhangs 


man die in 


nach Gl. 


Daraus erhalt 


In Abb. 2 ist A Pp), 
berechnet, aufgetragen. 
Abb. 3 dargestellte Abhingigkeit der Grésse p von 
der spezifischen Oberflachenenergie + des Stapel- 
fehlers mit x als Parameter. Mit dem so gefundenen 
oy» kann man aus Abb. 4 die zu den betreffenden x 
vehdrige Versetzungslange oy) entnehmen, und dann 
ius Gl. (57) mit einem plausiblen Wert von L die 
Versetzungsenergie pro Langeneinheit berechnen. 

Da sich gewisse Werte und y der 


fur von x 


’arameter p nach Abb. 3 mehrdeutig ergibt, kann es 


I 
bei Anderung von y (etwa mit der Temperatur) 


3ereiche von 7» und o geben, die iibersprungen 
werden und sich nicht realisieren lassen. 

bemerkenswerte Ejigenschaft der 
Hilfe der Abb. 3 und 


die 


Eine weitere 


Darstellung der Lésung mit 


ist, dass die auftretenden Kurvenscharen 


1953 


VOL... 1, 


1. 
Versetzungen in 
Versetzungslinie 
versetzung. 


Schematische Darstellung der Aufspaltung von 
einer (111)-Ebene in Halbversetzungen. 
z-Achse: (a) Schraubenversetzung, (b) Stufen- 


eine Grosse x enthalten, also im anisotropen Fall 
dieselbe Mannigfaltigkeit wie im isotropen Fall 
aufweisen. Hat man ein isotropes Medium, so ist 
bei der Orientierung II’ (Abb. la 


\BB. 2. nach Gl. Kurve nahert sich 


isymptotisch A( = 24/3. 
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bei der Orientierung II’’ (Abb. 1b 


wobei u die Poissonsche Konstante ist. 


4. Anwendungen und Beispiele 


Um mit den in Abb. 3 gegebenen Formeln die 
Aufspaltung einer Versetzung in Halbversetzungen 
quantitativ behandeln zu kénnen, benétigt man die 


elastischen Konstanten des betreffenden Kristalls 


sowie die Kenntnis der spezifischen Oberflachen- 


(srosse p 


\BB. 3 \bhangigkeit der 
Stapelfehlerenergie y. Parameter fiir die Kur 


energie y. Die elastischen Konstanten sind fiir die 


meisten im Zusammenhang mit der plastischen 


Verformung interessierenden Metalle gemessen und 
von Boas und Mackenzie [13] sowie von Schmid 
[14] zusammengestellt. 
Dagegen kann y nicht direkt gemessen werden. 
Fiir Kobalt, das bei ungefahr 420°C eine Umwand- 
lung von hexagonal-dichtester Kugelpackung in das 
kubisch-flichenzentrierte Gitter aufweist, haben 
und Shockley 


100 cal/g 


Heidenreich [3] eine Umwandlungs- 


Wwarme von atom zugrundegelegt und 


Abs. 4. Abhiangigkeit der Lange og der Halbversetzungen 
von po. Im rechten Teil der Abbildung sind die Asymptoten 
fiir grosse po angegeben. 
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daraus 4 20 erg /cm? abgeschitzt. Nach Christian 


[16] ist jedoch die Umwandlungswarme nut 
60 cal/g atom. Wir werden 


Zimmertemperatur den Wert 7 


etwa 
fiir die Verhaltnisse bei 
20 erg /cm? beniit 
zen. Der Wert von y¥ ist proportional dem Unterschied 
Modifikationen 
\m 
Folge 
der W 


\bstossuneg auseinanderspreizen 


der Freien Energie der beiden und 


damit temperaturabhangig Umwandlungs- 


was zul hat, dass sich die 


ihrer 


punkt wird 4 Q), 
elasti- 


Halbversetzungen unter rkung 


schen 


einen geeigneten Mechanismus fiir die 


dieser Halbversetzungen zugrunde {5}, 
damit die Umwandlung eines grésseren 
die neue Modifikation erklart werden 
indere Moéglichkeit Zul \bschatzune von 
\lessuneg 
Orientierungszwillingen 
ils 
Orientierungszwillinge, von denen 


mitt 
Netzebene umfasst Vian 


Eine 
liber Grenzflachen 
Ein 
\ufeinandertolge 


ergibt sich aus der 


energie von St ipel 


fehler kann aufgefasst werden 
dreiet det 
nur eine einzige 
deshalb 
miassig doppelt so gross wie die Grenzflachenenergi¢ 
\ u h 
| ishe1 
Diskussionsbemerkung 


Weise 


200 erg/cm 


lere 


kann annehmen, dass 


zwischen Orientierungszwillingen ist det 


zusammentassenden Darstellung von und 
Dunn [17] 
Shockley hierzu, ergibt sich aut 


\uswertung mit 


sowie eine! von 


qaiese 


und fiir 


Hilfe von 


\us der numerischen 
Abb. 2 
Verhalten: 

1. Die 
Stutenversetzungen (x < | 


und 3 ergibt sich folgendes charakteristisches 


des St ipelfehlerbandes 


Breite 


ungefahr) ste 


als fiir Schraubenversetzungen (x > | 


Fiir eine Stapelfehlerenergie 


10 — ungelahr 


ist die Breite des Stapelfehlerbandes 


Groéssenordnung 1 bis \tomabstande und 


noch sehr schwach von y selbst abhangig 


\ussagen 
\nnahme 
und Schrau 


\n 


Jeispiel hierzu ist Aluminium. Genauere 


sind iedoch nicht mehr moeglich, da die 


gleicher Versetzungslangen ftir Stufen 
benkomponente in diesem Gebiet keine gute 


naiherung mehr ist. 


3. Fiir ein 
ungefahi 


ist die Breite des Stapelfehlerbandes sehr stark von Y 


abhangig und nimmt mit fallendem y sehr rasch 


zu. Ausserdem besteht ein starker Einfluss der 
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= 
\ 
€ \ 
4 ~ 
‘OL. : 
953 enschar ist 
st titi 
ingetahr 
2. 
Ke nut 
12 
X=3 
x*3 
04 
02 
2 4 2 4 6 +20 


§28 ACTA METALLURGICA, VOL. 1, 1953 


anisotropen elastischen Eigenschaften. Die Stufen- Gleichgewichtslage mit einem Gleichgewichtsab- 
versetzung ist um eine Gréssenordnung weiter stand von der Gréssenordnung der Versetzungslange 
aufgespalten als die Schraubenversetzung. In diesem ergeben kénnte. Dies ist nach Abb. 2 nur der Fall 
Gebiet, fiir das Kobalt ein Beispiel ist, wirkt sich fiir x > 2,38. Im Falle der Aufspaltung einer 
daher die Unsicherheit von y besonders stark aus. Schraubenversetzung, die am ehesten die vermutete 
Wir haben in Tabelle I die fiir die Rechnung Erscheinung zeigen kénnte, entspricht dies bei 
zugrunde gelegten Konstanten und in Tabelle Ila _isotropen Medien uw = 0,57. Wahrend ein solches pu 
und IIb Zwischenergebnisse und die Resultate bei isotropen Medien nicht méglich ist, kénnte x 
zusammengestellt. bei stark anisotropen Metallen einen derartig 
grossen Wert event. annehmen. Doch haben wir bis 
PABELLE | jetzt noch kein Beispiel gefunden, bei denen die 
EFFIZIENTEN (IN 10“ CM? DYN), STAPELFEHL- ejbfried—Dietze’sche Vermutung zutreflen wiirde. 
UND ATOMABSTAND von Cu, AL, Co 
Die vorstehenden Ergebnisse sollen auf die 
| Berechnung der Aktivierungsenergie fiir ‘‘cross-slip”’ 
lerg d Al angewendet werden. Dabei werden wir auch die 
hier nicht gegebene explizite Darstellung der 

Energie als Funktion von 7 bringen. 
Die Verfasser danken Herrn Professor U. Deh- 
linger fiir seine f6rdernde Unterstiitzung, Herrn 
\BELLE Il Kréner fiir Diskussionen zur anisotropen Elastizi- 


FUR DII RZEI n = x? tatstheorie. 


ANHANG 


Berechnung des Integrals 


1,03 
17 1,03 
0,60 1.05 


rABELLE IIb 


ZWISCHENERGEBNISSE (SIEHE TEXT), VERSETZUNGSLANGI 
a9 UND ABSTAND 2n9 DER HALBVERSETZUNGEN 


und der neuen Integrationsvariablen 


Beriicksichtigt man wie Heidenreich und Shockley geht (A1) iiber in 
[3] neben y nur die (isotrop gerechnete) Abstossung 

der Halbversetzungen, so ergibt sich fiir die Aufspal- a , 

(A2) A (p 

tung der Schraubenversetzung bei Kobalt 2n¢ 

= 1.10-8em, wahrend genauere Rechnung in 


(2+ 3 — — 1/p)s — V3 2 


diesem Falle 2y) = 1,8.10~-*cm ergibt. 
Leibfried und Dietze haben die Vermutung 6p 
p—l 


(s+?) 


gedussert, dass sich auch fiir y = 0 eine stabile J. 


NUMERISCHE WERTE 
\chse it 110 \chse in ( 21] 
Richtung Richtung 
K] K9 K ko" Ko" V ] 
Cu 185 0.38 0.55 1.46 2 9 
\] 2 09 0 1,2 A(p = 2 + 2cos cos 47 
Co 1.59 e a) 
79) 
ings K Kz or 
linie 
od 2n = 4,| arc te; 
Ricl Ing_a | p 4 
110) 13,1 23,6 1,37 1,8 2,2 1,03 5 UNS) = — are tg — p)] 
211 21,7 13,1 246 0.6 $0 1,50 12 
h 2p 
= arc tg 
110 208 200 104 197 =1 05 
21] 39.0 250 1,63 0,64 =1 =08 =—1,6 
Co 110 110 186 1,04 1,69 13 0.8 7 
211 18.6 11,0 1,75 0,59 =20 13 =50 5 = to bru 
h 
6p 
(p — 1)’ 
9 
<p ) | 
iS —35— 


SEEGER unp SCHOCK: 
Die Nullstellen s; des Polynoms 6. Grades im Radi- 
kanden sind 


mit 


arc ctg p 


w = Zarcctg p 


Fiir w ~ 0, 4 ist (A2) ein hyperelliptisches Integral 


vom Geschlecht 2; jedoch besteht zwischen den 


Doppelverhaltnissen der s; die Beziehung 
[sy S2 53 


die nach Legendre [18] hinreichend ist fiir 
Reduzierbarkeit auf elliptische Integrale. 


Mit der Substitution 


(A2) 


Integrale darstellen: 


lasst sich als Linearkombination folgender 


d\ 
J [y(y — — a)(y — B)(y — 


(Va + 
(l—a)(1 — 
(ja — 
(l—a)(l — 8B 
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und 
(A3 ) 
Wenn 


man 0 sogleich beriicksichtigt, so gilt 


a 
wahrend sich die Integrationsgrenzen nach folgen- 


dem Schema transformieren 


Die Substitution \3 
liche 


z-Ebene 


transtormiert die urspriing- 
&-Ebene in 
Der 


Verzweigungspunkt z = 


zwei Riemann’sche Blatter der 


Integrationsweg tritt an dem einen 
von einem Blatt in das 


und H 


elliptische 


andere tiber. Deshalb sind G 
G, und HA, Integrale. 


Im einzelnen gilt in der Legendreschen Schreibweise 


vollstandige, 
unvollstandige 


der elliptischen Integrale 


Gi 


Das Endergebnis lautet 


2 sin w [sin w 


[sin 3) 


l a l 
= 
Sy = — tg lw + $e) ~ 
tg w 
Sg = — tg 
die 
(s4 Sei 51> (S4 = Se 
(S4 — Se) — (Sg — $3) 
953 = fic, + Atl Co) 
|’ 2 (aB = fics E(k 
f y dy mit 
[y(y L)(y = — BY ap ]’ 
— ] l G Co) Ry 
= — (75 
ce: —a)(l— 8 
| 4i\p 5 7 F(ki,¢ K (k 
yly(y — — a)(y — 8B) (y — aB)} A4 p 
[((1 —a)(1 — 1 \ | 
=- 5 5 A, h k ( ( + E E k 
1 ] 
I mit 
2 aB [(1—a)(1 8B 
R COS W SIN COS 7 SIT ow | 
a+ a+ Bp \ 
-+1)]G,- Ll} Gs VY 
(ap )° ap / 
2 1+ cosw 
sin (w + 7) sin (@ 7 osin (w 4 T 
le 
G;= F 5 p= 12 2 sin 2 l COS @ 
J — C2 { 
sin (w + 47) sin (« osin (w +47 
az 
H, = ; 2) Vosim 
J 2{[2(1 — — ciz)]’ i i 
sin” (w + 97) sin (w 
mit 
sin (w + or 3 Sin Lor 
sin 


ACTA METALLURGICA, VOL. 1, 1953 


Literatur 9. CHALMERS, B. Progress in Metal Physics, 2 (1950) 90. 
10. Vorct, W. Lehrbuch der Kristallphysik (Berlin und 
. BurGERs, J. W. Proc. Ned. Acad. Wet., 42 (1939) 293, Leipzig, 1910). 
378. . MAEBLI, Ergebn. exakt. Naturw., 24 (1951) 402. 
EsHELBY, J. D. Phil. Mag., 40 (1949) 903. 2. Scumip, E. und Boas, W. Kristallplastizitat (Berlin, 
HEIDENREICH, R. D. und SHOCKLEY, W. Report on a 1935). 
Conference on Strength of Solids (London, 1948), S. 57. 3. Boas, W. und MACKENZIE, J. K Progress in Metal 
. CoTTRELL, A. H. und Bitsy, B. A. Phil. Mag., 42 (1951 Physics, 2 (1950). 
573. . Scumip, E. Straumann-Festschrift (Stuttgart, 1952), S. 
5. SEEGER, A. Z. Metallk., im Druck. 25. 
). LErBFRIED, G. und DietzeE, H. D. Z. Physik, 131 (1952 5. Lerprriep, G. und Dietze, H. D. Z. Phys., 131 (1952 
113 113. 
BrEzENO, C. B. und GRAMMELL, R. Technische Dynamik }. CHRISTIAN, J. W. Proc. Roy. Soc., A206 (1951) 51. 
Berlin, 1939 . FIsHeR, J. C. und Dunn, C. G. Imperfections in Nearly 
. Siehe Vorct, W. Lehrbuch der Kristallphysik (Leipzig und Perfect Crystals (New York, 1952), S. 317. 
Berlin, 1910), VII. Kapitel. Gl. (8a) ist bei Voigt mit 8. Siehe Kratzer, A. Lehrbuch der Thetafunktionen 
Vorzeichenfehlern behaftet (Leipzig, 1903). 


530 


CRITERION FOR THE ACTION OF APPLIED STRESS IN THE 
MARTENSITIC TRANSFORMATION* 


J. R. PATEL and M. COHENt 


Ul 


[he martensitic reaction is treated ; 
ments, respectively parallel and normal to 
resulting effect on the .V, temperature 
transforming region as the resolved shear and 
through the corresponding transformation st1 
chemical free energy change of the reaction, t 
critical value of the thermodynamic driving 

transformation is aided by shear stresses, but 
ponent depending on whether the latter is ten 

The above criterion for the action o 


is S 


] 
l al 


( 


¥ 
applic 
change in the ./, temperature of iron-nickel 
iniaxial compression and hyd 


drost 
lowered by hydrostatic pressure 


atic pressure 


UN CRITERIUM DE L’ACTION 


ilated 


normal components oO 


ann 


D'l 


the hi 


insiormati 
ibit p 


fr 


force 


WoT} 


When 
m the mechani 
the ippll 


ll 1S adde 


lal external 


1 
f 
11S 


enel 


te the 


\ ri 
ilter 
1 t 


nec Ol 


+1 
or oppose 
pp 


NE TENSION APPLIQUE 


PRANSFORMATION MARTENSITIQUI 


La réaction martensitique est considérée comm« 


17] 
Aill 


déplacements induits par un cisaillement et 


plan limite. Quand des efforts extérieurs a 
] 


Y1issel 


et normale, de la tension appliquée sont reliées aus 


} 


tion. Cette énergie est ajoutée algébriquemen 
permet de calculer la modification de 
‘force motrice”’ 


niti 


the rmodynamique, 
es tensions de cisaillement, 


pour 

mais peut 
ension, suivant que c'est une composante d’ex 
Ce criterium de l’action d'une appli 
de | 


ia temperature 


it 


tension 


faisante, changement 


Ih 


au 


la température p 


re 


itati 


ieur effet 


le travail efféctué sur ou par la région en transformation quand | 


létorm 
I 


h 


lang 


) 


it 


tr 
tid 


extension et c yMpression uniaxiales et sous une pressio 


ibaisse 


in peu moins par la compression 


KRITERION FUR DIE WIRKI 


Die Martensitreaktion wird als eine 
schiebungen parallel und senkrecht zur Habit 
Krafte wird der VU 
oder durch di 


| 
komponenten der ausseren 


Gesamteffekt auf die 
Bereicl 


ung mit den 


die insformierten 


Spann 


NG 


pat 


\erzerrun 


AUSSI 


MARTENSITBILDI 


} 
De 


gefasst. Dieser Energiefaktor wird algebraisch zu d 
ergie addiert um die Anderung der Temperatur, be 


Kraft die die Transformation auslést icht 
Transformation unterstiitzen; jedoch kai 
oder eine hindernde \ irkung habe n, 
handelt. 

Dies Kriterion fiir die Wirkung der au 
quantitativen Anderung der ./, Temperatur in 
ungen unter einachsigem Zug, ei! i 
wird durch Zug erhdht, in 


Druck vermindert 


erre 
ale 


sseren 


iachsiget 


I 
I 


eringerm Masse a 


1. Martensite Formation as a Strain 
Transformation 


The martensitic transformation is characterized 


by its displacive shear-like nature. Consequently, it 
may be regarded as a strain transformation or as a 
mode of deformation which competes with slip when 


external stresses are applied to the parent phase. 


According to Scheil |, the shear stress required to 


activate the martensitic transformation decreases 
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the effectiveness of applied stress in promoting the 
martensitic transformation. In other words, if vield- 


by slip does not intervene, the applied stress will 


ng 


ivate the transformation when the shear-stress 
component, resolved along a potential habit plane, 
reaches a critical value. This critical shear stress will 
depend on temperature and on the nature of the 
alloy system. However, the validity of this criterion 
may be questioned because shear strain is not the 


only displacement accompanying the martensitic 
transformation. In steels and iron-base alloys, for 
xample, the volume change is of the order of +4 per 
cent—an expansion which must certainly interact 
with the applied stresses. 

In fact, the macrostrains attending the formation 
of individual plates of martensite in single crystals of 
a 70 per cent iron—30 per cent nickel alloy have been 
measured directly by Machlin [2], using fiducial 
marks inscribed on various crystallographic faces of 
the specimens. His results showed a homogeneous 
displacement* for the transformation, involving a 

of 0.20 along the habit plane and a 
0.05 habit 


plane. The magnitude of these transformation strains 


shear strain 
dilational strain (€9) of normal to the 
are well bevond the elastic range of the parent phase, 
and indicate that the martensitic reaction should be 
sensitive to both the shear and normal components 
of the applied stress. The measured strains do not 
actually account for the over-all conversion of the 
austenite lattice to that of martensite; further atomic 
movements are necessary in order to complete the 
change in structure. Whether the latter movements 
occur simultaneously with, or in sequence with, the 
observed mat rodisplacement is still a controversial 
are only concerned with the macrostrain of the trans- 


formation the 


matter |3; but for the present purposes, we 


because this is what interacts with 


ipplied stress in the treatment to be discussed here. 


More recently, the importance of the dilational 


component of the transformation strain was demon- 


strated by Kulin [6]. A bar of 0.5 per cent carbon—20 


per cent nickel steel in the austenitic state was sub- 


jected to uniform elastic bending, and was cooled 


intil martensite started to form. Subsequent 


metallographic examination disclosed that the trans- 


I displacement is te rmed a Bowle s ty pe strain 


invariant-plane strain [2]. It can be described by the 
motion of a plane of no rotation and no distortion (the in 
variant plane) in a direction not necessarily contained in the 
plane. The invariant plane is found to lie parallel to the habit 
plane of the martensitic plate. In cited above, the 
invariant planes slide past one another to provide a com- 
ponent of shear strain parallel to the habit plane, and 
also move apart to provide a component of dilational strain 


€9) normal to the habit plane. 


the case 
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formation had occurred exclusively in the portion of 
the bar where the tensile stresses existed. No trans- 
formation took place in the portion of the bar 
sustaining compressive stresses, the latter being 
symmetrically equal in magnitude, but opposite in 
sign, to the aforementioned tensile stresses. 

When the acting stresses in the elastically bent 
bar are resolved into their normal and shear com- 
ponents, it is noted that they are symmetrical in 
magnitude about the neutral axis. Since the sign of 
the shear component is immaterial from the stand- 
the 


striking 


point of the martensitic reaction, because of 
habit 


selectivity of the transformation in the bar can only 


many potential orientations, the 
be attributed to the difference in sign of the normal 
stresses. 

This finding invalidates the shear-stress criterion, 
along with other possible criteria based on shear 
strain or shear-strain energy, because the demon- 
strated effect of the normal component is neglected 
in such considerations. Moreover, if any of these 
criteria were appropriate, hydrostatic pressure should 
have no influence on the transformation since no 
shear stresses would then be applied. In a similar 
sense, uniaxial compression and tension should have 
the same effect on 7, when the resolved shear stresses 
are the same. Experimental evidence is presented in 


the next section to show that this is not the case. 


2. Experimental Results on the Effect 
of Applied Stress 


Figure 1 summarizes the changes in .\/, tempera- 


ture due to applied uniaxial tension, uniaxial com- 


a“ 
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AYIA 


FiGuRE 1. Change in M, temperature as a function of 


loading condition. 


an 
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pression and hydrostatic pressure. The tension and 


-inch- 


compression experiments were performed on , 
and j-inch-diameter rods (respectively) of a 0.5 per 
cent carbon—20 per cent nickel steel, whereas the 
pressure experiments were carried out on j-inch- 
diameter rods of a 70 per cent iron-30 per cent nickel 
alloy. Both materials were austenitized at 1095°C 
and oil quenched to room temperature. The }-inch- 
125°C; 


this treatment was not found to be essential for the 


diameter specimens were stress relieved at 


smaller size specimens. The 7, temperature for the 
nickel-carbon steel was about —40°C, and that of 
the iron-nickel alloy was about — 20°C. 

The 7, temperatures were determined by electri- 
cal resistance measurements while the austenitic 
specimens were being subcooled in the stress-free 
and variously loaded conditions. The procedures for 
the tensile and compressive runs have been described 
previously [6]. The hydrostatic pressure runs were 
made in Professor P. W. Bridgman’s laboratory at 
Harvard University; the details will be presented 
elsewhere. 

It is evident from Figure 1 that the three methods 
of stressing produced virtually linear changes in the 
M, temperature, at least up to about 15,000 psi. 
The corresponding slopes are +1.0, +0.65 and 
—0.57°C 
tension, compression and pressure. Thus, there is an 


1000 psi, respectively, for the cases of 


appreciable difference between the effects of uniaxial 
tension and uniaxial compression, despite the iden- 
tical shear components in these two instances. The 
influence of hydrostatic pressure is also noteworthy, 
not only because of its magnitude but because of its 
sign which differs from that of the other two methods 
of loading. Clearly, any criterion based on shear alone 


cannot account for these results. 


3. Criterion for the Effectiveness of 
Applied Stress 
3.1 Free Energy Change in the Martensitic Reaction 
The criterion to be proposed here is a thermo- 
dynamic one (a) based on the assumption that the 
M temperature of a given alloy occurs at a certain 
-AF), 


account the mechanical work performed on or by the 


value of the driving force and (d) taking in 
transforming region as the resolved normal and shear 
forces are carried through the respective transforma- 
tion displacements. 

It has been shown that iron-carbon alloys start to 
transform spontaneously to martensite at tempera- 
tures corresponding to a constant driving force of 
—AF = 290 cal/mol | 


‘ 


; 8]. (This means that for a 


wide range of carbon contents the change in chemical 
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free energy accompanying the transformation of one 
mol of austenite to one mol of martensite at the M 
temperature is FP” — F4 290 cal/mol.) In the 
occurs at F™” 200 


of « ompositions under con- 


iron-nickel system, 
cal/mol over the range 
sideration here [9]. 


In the present study, the thermodynamic work of 


Jones and Pumphrey [9] is used for the iron-nickel 


system, and this is extended to the iron-nickel- 


carbon case. The method of calculation is described 


in Appendix I. Figure 2 depicts the change 


energy as a function of te! 


attending the martensitic transformation 


Figure 3 gives similar 


In both OT 


nickel alloys 


the iron-nickel-carbon system 


particular compositions were chosen bec 
17 


accurate data were available for the 


tures, and because the straddle the two allovs 


employed in this investigation. It will be noted that 


in each series the 7, temperature occurs at a fixed 
the latter 


allovs 


iron-nickel-carbon alloys. 


value of the chemical free energy change, 


being about 200 cal/mol in the iron-nickel 
370 cal 


[hese values signify 


mol in the 
that the 


and 


martensitic reaction 


does not take place at the temperature / of 


thermodynamic equilibrium between the austenite 


and martensite, but only after supercooling suff- 


ciently to achieve the required driving force for the 
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transformation. Inasmuch as the free 
nucleation decreases as the driving force increases, 
this is tantamount to saving that 1/7, occurs on cool- 
ing at the temperature where the free energy of 


nucleation drops to a critical level [11; 12]. 


nergy attendi1 


] 


nickel-CarDon 


3.2 Role of Applied Stress 


The work (U’) done on or by the transformation 
due to the action of applied stress is comprised of 
two terms: (ryo) the shear stress resolved along a 
potential habit plane times the transformation shear 
strain, and (ce;) the normal stress resolved perpen- 
dicular to the habit plane times the normal com- 


ponent of the transformation strain. Thus 


¢ is numerically positive when the normal stress is 
tensile, and negative when this component is com- 


pressive. t is always taken to be positive because the 


. / ? 
many habit permutations (+{259; in these alloys) 


virtually permit shearing in either sense. Hence, in 
effect, shear stresses will stimulate the transforma- 
but 
depending upon whether g is tensile or compressive. 
The 


transformation strain or mechanical work per unit 


tion, normal stresses may aid or oppose it 


units of U in equation (1) are stress times 


volume of austenite reacted to martensite. Values 
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of U can readily be converted to calories per mol, 
to match the units of F” — F4, 

For uniaxial tension or compression, a considera- 
tion of Mohr’s circle in Figure 4 shows that the 


resolved shear and normal stresses are 


- 


(1 + cos 24 


where 01; = absolute value of the applied stress 
tension or compression) and 6 = angle between the 
specimen axis and the normal to any potential habit 


plane. 


FiGURE 4. Mohr’s circle for tension showing the shear (7 
and normal (¢) components of stress asa function of the applied 
stress (o;) and the orientation (@) between the stress axis and 
the normal to the potential habit plane. 


lL’ may now be expressed as a function of the 
orientation of a transforming martensitic plate: 
(4) 


sin 20 + 4 €9 + cos 20) 


Since we are concerned with the plates that form 
first (at MW 
is necessary to find the particular orientation which 


under the influence of applied stress, it 


yields a maximum value of U 


dU 


COS 26 + €90;(— sin 26) = 0 


(5) 


sin 26 0 
— = tan206= + 
cos 24 €0 


(6) 

Substituting the known components of the trans- 
formation strain into equation (6) and then into 
equation (4), it is now possible to obtain Unax. It is 
then assumed that Umax contributes to (or detracts 
from) the chemical free energy change to aid (or 
oppose) the start of the transformation. As illus- 


trated in Figure 5, if Umax is positive, the degree of 


(3) 
6 2% N 
A 
» 
~ 
- 
le 
A 
+ cos 4 
TEMPERATURE K 
FIGURE 3. Change in free cog the austenite- 
to-martensite reaction in 
] [ = 
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the 
driving force for initiating the reaction is reduced, 


supercooling required to reach appropriate 


and the A, temperature is thereby raised to MV,’ by 


FIGURE 5. Schematic diagram showing how the mechani- 
cal energy Umax due to the applied stress system changes the 
M, temperature by contributing to the thermodynamic driv 
ing force of the martensitic transformation. In this case the 
driving force to start the transformation does not vary with 
the /, temperature. 


the applied stress. Thus MM,’ is the temperature 
defined by the following relationship, and can be 
calculated therefrom through the known tempera- 
ture-dependence of — F*: 


(7)* (F™ — F*) at Mi = (F™ — F*) at M, + Una 


The calculation will now be carried through for 
the conditions of 1000 psi tension. In the iron-nickel 
alloys, 

Yo 0.20 

= 

€0 0.04 
From equation (6), 26 = 79°, thus giving the orient- 
ation of the first martensitic plates to form on cool- 
ing under the applied stress. Substituting in equa- 
tion (4): 


(8) Umax = 122 in-lbs/in* = 1.42 cal/mol. 


Using the curve from the 0.5 per cent carbon—20 
per cent nickel steel in Figure 3: 


*Equation (7) is not strictly correct unless the driving force 
to start the transformation is independent of the 7, tempera- 
ture, as is the case for the alloy systems under consideration 
here (Figiires 2 and 3). Appendix II presents a corresponding 
treatment for the more general situation in which the driving 
force for starting the transformation varies with the V/s; 
temperature and therefore with the composition of the alloy. 

tAccording to Machlin’s observations [2], €9 equals 0.05, 
but more precise dilatometric measurements indicate that the 
unit bulk expansion is closer to 0.04. This represents a more 
exact value of €9 because the latter must correspond to the 
volume change. 
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1.33 
dil 


‘cal /mol-% 


[his slope holds for the linear portion of the curve, 
and prevails for the temperature range of interest. 
The increase in /, due to applied stress of 1000 
psi is 
dM 


(10 — - 4 


1.07 
do 


LO psi (for tension 


In the case of uniaxial compression, a similar analy- 


SIS gives 


dM, 0.96 


l = 
do ] 


+ 0.72°C/10" psi (for 
compression 
With 


may be employed. In this situation, there are no 


hydrostatic pressure, the same treatment 


shear components to aid the reaction. The applied 
pressure interacts only with the dilatational strain, 


and opposes the transformation. If o; = the magni- 


tude of the hvydrostati pressure, equation } 


becomes 


(12 = €901 


there being no orientation dependence in this case. 


For a; = 1000 psi, 


13 U = — 40 in-lbs/in*? = — 0.47 cal/mol 


Using the curve for the 70 per cent iron-30 per 


cent nickel alloy in Figure 2 (since experimental 


results are available on this material for comparison 


purpe Ses): 


1.23 cal 


(14 


mol-°C 


= — 0.38°C/10° psi 


for hydrostatic pressure)f 


these calculations and the 


Table | 


corresponding experimental findings. The agreement 


summarizes 


is quite good, undoubtedly better than is justified 
The criterion proposed here successfully predicts the 


lowering of M, by hydrostatic pressure and the 


raising of MM, by uniaxial tension and compression. 


tDr. J. C. Fisher kindly suggested a simila 
the case of hydrostatic 

Note added in 
Dr. Fisher mentioned 
1 (1953) 310. 


pressure (private communi 
\ugust 24, 1953 Ch 


here has sin¢ » appeared in 


proof} 


3 
F4 
ad 
from which 
dM, 0.47 
(15 = 
do 1.23 
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TABLE | 


EFFECT Of 


Stress System Uniaxial Tension 


Material 
Calculated 
Experimental 


Change in MV, Calculated 
per 


15,000 psi Experimental 


The raising of MM, by compression is quantitatively 
explained on the basis that the resolved shear com- 
ponent of the 
effectively than the compressive normal component 


stress aids transformation more 
opposes it. This is a consequence of the fact that the 
shear displacement is much larger than the dilata- 
tional displacement. Under uniaxial tension, the 
transformation is aided by both the shear and 
(positive) normal components of stress, and there- 
fore the VW, is raised even more than in the case of 
uniaxial compression. Under hydrostatic pressure, 
the stress svstem only opposes the transformation, 
and the 


is lowere¢ l. 


4. Conclusions 


1.1 The role of applied stress in the martensitic 
transformation has been quantitatively analyzed 
for the conditions of uniaxial tension, uniaxial com- 
pression ind hydrostatic pressure. 

it 


taneously on 


assumed that the reaction starts spon- 
the (M,) 


reaches a 


cooling at temperature 


where the free energy change FY — FA 
critical negative value. When external stresses are 
applied, the work done on or by the transformation 
as the acting forces are carried through the trans- 
formation displacements) contributes algebraically 
to the free energy change, thus raising or lowering 
the ./, temperature. 

t.3 To calculate this mechanical contribution to 
the thermodynamic driving force, the normal as 
well as the shear components oi the applied stresses 
are taken into account, thereby recognizing the 
interaction with both the dilatational and shear 
strains of the transformation. 

14 This treatment predicts that, at least in 
iron-nickel and iron-nickel-carbon alloys, , should 
be raised by uniaxial compressive stress, should be 


raised even more by tensile stress, and should be 


APPLIED STRESS ON THI 


0.5% C, 20% Ni, bal. Fe 


M, TEMPERATURI 


Uniaxial Compression Hydrostatic Pressure 


0.5% C, 20% Ni, bal. Fe 70% Fe, 30% Ni 


+0.72°C/108 psi —0.38°C/108 psi 


+0.65°C/108 psi 


—0.57°C/108 psi 


+10.6°C 


+10°C 


lowered by hydrostatic pressure. These changes in 
M, have been confirmed quantitatively by experi- 
ment. 
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APPENDIX I 


Free Energy Changes Accompanying the 
Martensitic Transformation 
The thermodynamics of the iron-nickel system 
have been investigated by Jones and Pumphrey [9], 
who obtained the following expression for the free 
accompanying the austenite-to- 


energy change 


martensite reaction: 


where N,,, = mol fraction of nickel 

§ mol fraction of iron 

= difference between the heat of solution 
of nickel in ferrite that in 
austenite = 2500 cal/mol (adjusted to 


match the iron-nickel phase diagram). 


and 
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AF,,, = free energy change attending the trans- 
fer of one mol of iron from austenite to 
ferrite. 

Values of AF, have been calculated by Zener [7] 
from the specific heat data of Austin [13]. For the 
iron-nickel system, Jones and Pumphrey found that 
AF,,, had to be increased by 25 per cent over the 
values given by Zener to assure good correlation 
with the equilibrium diagram. This is the reason for 
the empirical factor of 1.25 in equation (A1). 

To consider the effect of carbon, the method of 
Fisher [10] was utilized: 


(A2) F4 = Ny ,AHn + re 
+ N_(10,500 — 3,425 T) + AF, 


where V, = mol fraction of carbon 
AF, = free energy change due to ordering of 
carbon atoms in tetragonal martensite 

The temperature-dependence indicated by third 
term on the right side of equation (A2) is obtained 
from the activities of carbon in austenite and in 
ferrite, and has been discussed by Fisher [10]. 
When no carbon is present, equation (A2) reduces 
to equation (Al). 

The results of equations (Al) and (A2) are plotted 
in Figures 2 and 3. 

It is doubtful that AH, is actually constant over 
the entire temperature range extending down to the 
subzero levels where the martensitic reaction takes 
place in these alloys. However, various attempts to 
use extrapolated values of AH, did not seriously 
alter the final result. Allowing AH, to change with 
temperature caused the (F” — F*) vs. T curves to 
but 
balanced by the fact that the driving force at / 


become steeper, this was partially counter- 
then varied with the /, temperature (see Figure 
6). The 
Appendix II, but in view of the limited data avail- 


treatment of this case is presented in 
able, the more straightforward calculations given in 
the text are considered to be sufficiently appropriate 
for the problem at hand. 


APPENDIX II 


Effect of Applied Stress When the 
Driving Force at M, Depends on M, 


Let the curves 1, 2 and 3 in Figure 6 represent the 
variation of F“ — F4 with temperature for a series 
of alloys in a given system. Suppose that the 
temperatures superimposed on these curves do not 


lie at a fixed value of F™ F4, This is shown by 
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curve 4 which indicates how the driving force to 


start the transformation depends on the M, tem- 


perature (and therefore on composition). It is not 


necessary to assume linear relationships for these 


curves. 


FIGURE 6 ram show 


Un ue to » applied stress s) 
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ener? \ 
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lynamic driving 
transformati 


urve 4 


Taking alloy 2 as an example, let a stress be 


applied to the specimen during cooling such that 


is the work (in calories per mol) done on the 


max 
first-formed plates of martensite as a result of the 
carried 


this 


components ol the applied stress being 
through the transformation displacements. In 
the transformation is aided 
and M 


temperature (\/ 


instance, consider that 


by the acting stresses, is raised. It is now 


required to find the where the 


combined effects of Umax and the chemical fre 


FM — FA 


driving force to start the transformation at 


enere\ change achieve the necessary 


Che graphical solution to this problem is shown in 
pal illel to the 
curve, but is displaced downw ird bi in 
The 


with the 1/7, temperature line 


Figure 6. The dashed curve is drawn 
FM — FA 


amount Umax. intersection of the dashed curve 


which designates the 


driving force necessary to start the transformation 


as a function of temperature) gives the required 


temperature ./,’. It is evident that the change of the 


martensite-start temperature due to applied stress 


is greater in the case at hand than if the driving 


force at \J, were independent of 7, (compare with 
Figure 5 


With 


displac ed upwards because l is negative and Opposes 


hydrostatic pressure, the dashed curve is 


the transformation. This results in a corresponding 


lowering of the 7,’ temperature. 
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THE EFFECTS OF NEUTRON IRRADIATION IN THE NRX REACTOR 
ON THE ORDER-DISORDER ALLOY Cu;Au* 


L. G. COOK and R. L. CUSHING? 

The irradiation of CugAu with neutrons causes two separable effects. Disordering is caused by fast 
neutrons, and is negligible with thermal neutrons; the effect is independent of temperature at least 
up to 100°C. Volume disordering rates of 28.9 per cent/day have been observed with fissior spectrum 
neutrons. A secondary effect, probably ordering, is caused by thermal neutrons; the effect is de pendent 


on temperature even below 100°C. The simultaneous formation of substantial amou 


is probably the direct cause of the effect. 
NRX “reactor spectrum” 


neutron irradiation produces both effects which mutually 
Provided the thermal component of the neutron spectrum is screened out, it seems likel 


nts of mercury 


interiere 
that tl 


disordering effect on CuzAu can be used as a measure of neutron damage potential t 


LES EFFETS DE 


L'IRRADIATION AVEC 


DES NEUTRONS DANS LE REAC 


NRX SUR LA TRANSFORMATION ORDRE-DESORDRE DANS L’ALLIAGE (¢ 


L’irradiation de CugAu avec des neutrons cause deux effets séparables. Li 


des neutrons rapides, mais est négligeable avec des neutrons thermiques; cet effet 


de la température, en tout cas jusqu'a 100° 
jour, en volume, ont été observées avec des 


Des vitesses de mise en de 


ns du spectre 


probablement une mise en ordre, est causé par des neutrons ti 


pérature, méme en dessous de 100°C. La formation 


est probablement la cause directe de cet effet 


L’irradiation avec des neutrons du 


‘spectre du 


simult 


réact 


s'entremélent. I] parait que, pourvu qu’il soit possible de 


du spectre des neutrons, l’effet de mise en désor 


du potenti | de destruction des n 


NG VON NEI 


DEN 
CuzsAu mit 


DIE WIRKI 


ORDNI 


Die Bestrahlung von 


Neutronen rufen eine Verminderung der Ordni 


Neutronen zu vernachlassigen ist. Diese Effekt 
Ne utre 
sekundarer Eff 


nter 100°¢ 


der Temperatur. Mit ‘‘fission spectrum 
28.9 prozent/Tag beobachtet. Ein 


mischen Neutronen hervorgerufen. Selbst 


eutrons sur d’au 
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NGSGRAD 


Neutronet 


ny hervor hr die I fte cf 
t 100"¢ 


sur 


res Mat 
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ZWwe 


Die gleichzeitige Bildung von einer nicht unerhebliche 


direkte Ursache dieses Effekts 

Die NRX ‘‘reactor spectrum’’ Neutronen 
flussen. Unter der Voraussetzung, dass der the 
es mOglich, die Verminderung 


Neutronen fiir 


wird, erscheint 


hadigungspotential de1 andere 


Introduction 


When irradiated with 
heavy particles, radiation damage may occur in 
three Atoms 


lattice sites more rapidly than usual; they may be 


crystals are 


ways. may interchange positions on 


removed entirely from lattice sites and located inter- 
stitially; or they may be removed from lattice sites 
and recombine in a different way entirely. 

In this paper the first type of damage is considered 


the magnitude and mechanism of the _ inter- 


change of atoms on lattice sites when a solid is 


irradiated with neutrons. An order-disorder alloy 


seemed the most promising type of system to study; 
large changes in observable properties occur when 


the atoms interchange sites on the lattice, since by 


*Received \pril 2, 1953. 
+Chemistrv Branch, Atomic Energy of Canada Limited, 
Chalk River, Ontario, Canada. 
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Following the work of Svkes 
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electric 
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electric resistance and superlattice lines relatively 
unchanged. 

[his paper presents the results of observations on 
electric resistance and superlattice lines only, since 
these give a consistent picture without the support 
ot specific heat data. 

During the progress of these experiments, results 
of somewhat similar experiments carried out at 
Harwell (U.K.) [3] and Oak Ridge (U.S.A.) [4; 5; 6] 
have appeared. Most of 
neutron 


refer 
the 


effects of thermal and fast neutron irradiation not 


these appear to 


to “reactor spectrum” irradiations, 
being separated, nor the effects of temperature 


referred to and _ their 


the 


studied. These results are 


probable connection with present results 


explained. 


Experimental Techniques 

CusAu wire, 49.1 per cent Cu, 50.9 per cent Au by 
weight, 0.015 in. dia., was supplied by Johnson, 
Matthey and Mallory in the cold drawn condition. 
All samples were annealed at 800°C in vacuo, or in 
argon, for 30 min. to remove the major effects of the 
cold drawing operation. 

Electric resistance measurements were made by 
passing a measured current of approximately 50 ma. 
through a section of wire and measuring the poten- 
tial drop between two Cu;Au taps spot welded, 
or in some instances hard soldered, to the test wire 
10 cm. + 1 mm. apart. The current was measured 
by the potential drop across a standard resistor. 
were measured with Rubicon 


Potential drops 


precision potentiometers, or with Leeds and Northrup 


Speedomax recorders and microvolt amplifiers 
using precision potentiometers to provide a backing 
potential. In this way small variations in resistance 

that 


could be amplified and observed. 


such as due to temperature rise on reactor 
start up 

A laboratory vacuum furnace assembly enabled 
resistance-temperature curves to be observed for 
comparison with those of Sykes [2]. In the reactor 
a special assembly was used, illustrated schematically 
in Figure 1. The sample assembly could be irradiated 
with or without the Cd liner or the U cylinder, so 
that the effects of fission spectrum, reactor epither- 
mal, and thermal neutrons respectively could be 
separated. Adjustment of the cooling air permitted 
steady controlled temperatures to be maintained 
between 25°C and 110°C. Temperature checks were 
made during the initial reactor start up, using the 
measured immediate rise in electric resistance and 
the known initial thermal coefficients to calculate 


the temperature rise. Further, whenever a shut down 


1953 


I, 
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AIR 


NATURAL U CYLINDER 
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OD 136 
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q5 00 
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QUARTZ TUBE /0.250" INSIDE DIA 
\0. 040" WALL THICKNESS 


FIGURE 1. Irradiation assembly as used in the NRX 


reactor. 


of the reactor occurred, a new thermal coefficient 
was obtained (by assuming the temperature rise 
to be unchanged). Thus not only could the change 
but 
concomitant change in the thermal coefficient of 


in electric resistance be observed, also the 


electric resistance. 
X-ray 


taken on short wire samples with a General Electric 


diffraction Debye-Scherrer pictures were 


XRD unit, before neutron irradiation and again 
that 
little y-ray background was developed on the films 


two months afterwards. It was found very 
two months after irradiation, when small samples 
were used. These X-ray samples were mounted in 
the reactor in an open holder so that the cooling air 
could contact the samples themselves, as in the elec- 
tric resistance experiments. No other direct control 
out. It 
that the temperatures during neutron irradiation 


of temperature was carried was assumed 
would be close to those of the electric resistance 
specimens which had similar exposed surface air 
cooling. 
The heat treatment programs used were: 
(a) To prepare disordered samples, air quench 
from 500°C. 
(b) To prepare ordered samples, 
6 hours at 350°C 
16 hours at 340°C 
t hours at 330°C 
t hours at 320°C 
300°C 
furnace cooled to room temperature. 


16 hours a 


Results 
I. Resistance-Temperature Curves for Cuz;Au Wire 
Samples of Cu;Au wire in the ordered and dis- 
ordered states were heated at a rate of 1.75°C/min., 
and the electric resistance measured (Figure 2, 
A and B). A sample cooled slowly from 500°C, 
down curve B, was air quenched at temperature 7’, 


and the resistance-temperature curve taken (curve 
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FIGURE 2. Electric resistance versus temperature: un 


irradiated and irradiated samples. 


C). It is evident that the initial rate of relaxation at 
a temperature of, say 250°C, is much more rapid in 
a partially disordered sample (curve C) than in a 
fully disordered sample (curve A). This effect was 
found by Sykes [2] and attributed to the fact that 
in the partially disordered sample there are large 


in phase’ ordered nuclei which can grow easily, 
whereas in the fully disordered sample there are no 
nuclei initially—even when they do form they are 
“out of phase’ and growth is hindered. 

As a final check the initial rate of change of resis- 
tance at fixed temperature was determined as 
follows: 

Relaxation rate 
Temperature (% of resistance/day) 
210°C <0.01 
260°C 2.4 
200°C <0.01 


220°C 1.2 


fully disordered 


partially disordered 


Il. Temperature Measurement in Reactor 

A typical electric resistance-time curve obtained 
during a start up and shut down of the reactor is 
shown in Figure 3. This resistance increase when 
the reactor begins operation must be due solely to 
an increase in temperature of the specimen. Two 
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observations confirmed this: first throttling the 


cooling air In reased the resistance; second the 


difference in resistance increase for ordered and 


disordered specimens was exactly the expected 


the thermal coefficients as measured from 


Figure 2. 


ratio of 


Che ice-point resistance of each specimen Was 
determined prior to irradiation, and hence the actual 


temperature of the sample could be determined 
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REACTOR SHUT DOWN 


tar 


FIGURE 3 Electric 
ip due to temperature ris¢ 


resis 


under operating conditions immediately 
up. With 
the 


actor start the arrangements desc ribed, 


25-35°C was usual operating range, although 


controlled temperatures up to 110°C were also 


used. 


in Uranium with Cadmium Shielding 


Zrradiation 


Fission Spec trum Neutrons 


Che general behaviour ol the ele tric resistance 


of ordered and disordered CusAu when irradiated in 


with cadmium shielding is shown in 


Che 


rose 


uranium 


Figure a resistance ol the ordered sample 


the dis- 


that of 


the 


curve A asymptotically to 


ordered sample; the resistance of disordered 


sample curve B rose ver, little, about 0.5 pet 


cent 

X-ray diffraction pictures taken before and after 
Che disordered alloy 
alloy 


disappearance of the 


irradiation are shown in Plate | 
The 
the 


remained disordered. ordered became 


disordered, shown by 
superlattic e lines 


\s a 


irradiated 


further check, an ordered sample was 


the 
point Z, 


Then the sample was removed to the 


until its resistance relative to 


ordered and disordered values reached 


Figure 2. 


0.25 
{ 
Lae jt 
j 
0. 17 4 / 
“AC 
0.152 
| 
0.134 
ly 
0.07} 


ACTA METALLURGICA, 


0.0900 
“DISORDERED 


00800 


u 


0 
<—ORDERED A 


ELECTRIC RESISTANCE IN OHMS 


20 30 40 50 
RRADIATION PERIOD -DAYS 


irradiation with Cd 
ined at 106°C 


FIGURE 4. Fission spectrum neutron 
shield: temperature 35°C (identical curves obt 


and an electric resistance-temperature 
B’), 


It is evident that the course of these curves is very 


laboratory 


curve taken at —1.7°C ‘min. (curve C’ and 
close to the course of the curves C and B, and that 
the sample is in essentially the same state at Z 
whether prepared by quenching from a temperature 
T, or by irradiation of a fully ordered specimen with 
fast neutrons. 

Thus, fission spectrum neutrons disorder ordered 
Cu;Au but have little effect on disordered Cu3Au. 
IV. Irradiation with NRX ‘Reactor Epithermal”’ 


Neutrons Reactoi Spectrum Neutrons with Cad- 
Shielding 


minum 
the electric resistance 
reactor 


shielding is 


[he general behaviour of 
of ordered and disordered Cu;3Au in 
cadmium 
and B. 


effects are qualitatively identical to those with fast 


spectrum neutrons with 


shown in Figure 5, curves A The general 


neutrons, but quantitatively much less pronounced. 


ight initial dip in resistance is apparent in both 
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The fast neutron component normally present in 
the NRX 
ordered Cu;Au, but has little effect on disordered 
Cus3Au. 


reactor neutron spectrum disorders 


V. Irradiation with NRX Reactor Spectrum Neutrons 

The general behaviour of the electric resistance 
of ordered and disordered Cuz;Au in NRX reactor 
spectrum neutrons is shown in Figure 6. Since in 
this example the epithermal (Figure 5) plus thermal 
neutron components are present, one must look for 
differences between the curves of Figure 5 and those 
of Figure 6, and attribute them to the thermal 
neutron component. The difference is that the initial 


dips in resistance continue over a longer period 


3 


| DISORDERED 


ELECTRIC RESISTANCE IN OHMS 


6 8 10 12 
IRRADIATION PERIOD —- DAYS 


‘reactor spectrum’’ neutrons 


28°C 


ion with 


temperature 


and become more pronounced before the disordering 
process takes over; then the curves flatten out and 
behave like those of Figure 5. 

The thermal neutron component of the reactor 
spectrum has a resistance-lowering effect on both 


ordered and disordered CuzAu. 


VI. Irradiation at D 


\n irradiation in uranium with cadmium shielding 


[ferent lem peratures 


fission spectrum) was done at 106°C. The behaviour 
of the electric resistance was identical with the be- 
haviour at 28°C (Figure 4) and a separate graph is 
therefore not shown. 

An irradiation with “reactor spectrum’ neutrons 


no cadmium shielding) at 111°C (Figure 7) gave 


the same general effects as at 28°C (Figure 6), but 


quantitatively more pronounced and quicker. 


VII. 


Irradiations 


Comparison of Results in Different Fluxes 


have been done in three different 


positions in the NRX reactor and over a relatively 
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TABLE I 


Position In graphite shield 


Nominal thermal 10” n/cm?/sec. 
neutron flux in that 
position 


1” dia. O.D. 


wall 


of uranium 
cylinder used 
Initial rate of 1.03%/day 
increase of electric 

resistance of ordered 

Cu 


tion time 


\u with irradia- 


long period of time. Consequently a precise quan- 
titative comparison of the effects with flux is not 
possible. However, some quantitative comparison is 


possible. 
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FIGURE 7. Irradiation with 


‘reactor s 
without Cd shield: temperature 111°C 


The three positions used and the initial rates of 
change of electric resistance of ordered Cu;Au in 
them are listed in Table I. The initial rate of change 
of Cuz3Au 
with the nominal slow neutron flux. 


of electric resistance ordered increases 


Discussion of Results 


There are two distinct and opposed effects of 
neutron irradiation on Cu;Au alloy. First, a drop in 


electric resistance caused mainly by thermal neu- 


trons: second, a rise in electric resistance and a 


progressive disordering caused by epithermal and 
fission spectrum neutrons. 
The first effect may indicate a limited ordering 


process. Since the so-called ‘‘ordered”’ alloy possesses 


Inside callandria near its e 


Position 


in fact a degree of ordet ippropriate to 200°¢ 


least, it is, at room temperature, not in real equili 


brium. Hence it is tempting to interpret the resis 


both 


since 


tance de rease observed as “ordering of 


in 


However, 


imalgam if 
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irradiated 
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the formation of 


ates 
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cury.on the thermal behaviour of Cu;Au lay outside 


the scope and objective of this investigation. 


However, it is of interest that thermal neutron 


irradiation is probably the ideal method for intro- 
ducing controlled amounts of mercury atomically 
dispersed in gold alloys for any such studies. 

reported an increased 
at 200°C when 


Blewitt and Coltman 
of disordered CusAu 
Oak 


Attributing this to the fast neutron component of 


relaxation rate 


irradiated in the Ridge graphite reactor. 


the flux. thev drew conclusions about the formation 


of Frenkel defects by fast neutron irradiation. 
It now appears, however, that relaxation of this type 
thermal neutrons. Unless screened out 


did 


flux to be 


is caused by 


which Blewitt and Coltman not mention 


one would expect a thermal present 


approximately equal to the fast flux. If we assume 
flux of n/cm*/sec. was 


that a thermal 


associated with the fast flux of 1 * 10!" n/cm?/sec., 
the relaxation effect observed by Blewitt and Colt- 
man could be accounted for by the thermal neutron 
effect alone. 


Adams and Dugdale |3 


initial 


, and Glick ef al. [5] have 


reported decreases in electric resistivity, 


followed later by a rise, in “reactor spectrum” 


neutron irradiations. It is seen from the present 


work that the use of ‘‘reactor spec trum” neutrons 


produces just this mixture of thermal and epithermal 
neutron effects. In fact, the only work reported so 
far in which the thermal neutron component appears 
to have Siegel [6]. 


Since 


negligible was that of 


did 


is TO be 


been 


Siegel not mention thermal neutron 


screenll 


assumed that his samples were 


very close to uranium fuel elements, or 


ictually in a fuel element. 


gel pointed out that the fast neutron disorder- 
ttect seemed larger than was to be expected on 
basis of the mechanism proposed by Seitz [7], 


ested that mechanism 


“thermal spike” 

gested earlier in another connection by Dessauer 

Lark- 

Horowitz [9] has pointed out that a neutron collision 
10 e.¥ ) 
) 


would 


8]) might be useful in explaining the effect. 


which a recoiling vermanium atom 


provide enough energy to 


instantaneously melt a region 10~® cm. in radius, 


ind that in ~—10 sec. the region is quenched. 
On this picture one would visualise small volumes 
here and there throughout the order d alloy suddenly 
converted to ¢ omplete disorder. This pi ture can be 
quantitatively applied to the results of the present 
investigation. 

Figure & illustrates the formation of disordered 
that as 


islands in the ordered matrix, and the fact 


\LLURGIC, 
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a 


RATE OF FORMATION OF DISORDERED VOLUME * 2/UNIT TIME 


4 
Vt *\VOLUME DISORDERED AT TIME’ t 
OVERLAP IS PROPORTIONAL TO Vy 


FiGuRE 8. Illustration of temperature spike theory 


disordering proceeds by this mechanism, the islands 
will overlap; in fact, the overlap will be, on the 
average, proportional to the fraction of total volume 


already disordered. 


dV, 


at 


} 


fractional volume disordered at 


the total 


where J, is the 


time ¢, and y is fractional volume (in 
islands) produced per unit time. 

This is clearly the right shape of curve to repro- 
duce Figure 4. 

One must make some assumption connecting |, 
and C 


10} has considered the problem of the conductivity 


the conductivity of the alloy). Landauer 
of a body with spherical islands of another homo- 


geneous material imbedded in it. Using Landauer’s 


notation: if x; is the fraction of material of conduc- 


tivity o; and resistance p; and x2 is the fraction of 


material of conductivity o» and resistance p» then, 


+ xXop2 gives an upper limit for p,», 


+ Xoo. gives an upper limit for a», 


is the Landauer equation. 
If one uses equation b) to « onnect the frac tional 
volume disordered with elec trical conduc tivity, one 


has 


W hereas with 
dx: 


The factor 


3, 


is easily calculated from Figure 9 to be 0.85. 
The procedure adopted in this paper has been to 


use the simple relation (b throughout, since it 
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enables an excellent fit to be obtained with the 


experimental results and enables 0.655 mho 
Gada 


( 
\ dt —0 ind other points cal ulated as follows 


to be obtained accurately and easily. It also 

provides an accurate relative comparison of the 

fractional volumes disordered in different experi- 

ments. 
One could, if one wished, reduce all the final 

results by the Landauer factor (0.85) to obtain the 

exact fractional volumes disordered. However, this 

has not been done because it is very doubtful if the 

interpretation is really valid to this absolute accur- "hese points are plotted as circles in | 

acy. along with the calculated initial slope. The e 
Using our notation, reproduces the experimental curve within 

mental error over the whole course of the 

ment 
conductivity of sample at time f, Implic ations ot this equation are 


conductivity in the ordered state, 1. The rate ot ‘“spikir was const: 


ng 
conductivity in the disordered state, the run and equ il to the nitial rate 


fractional volume of ordered material which equals 


it time ¢ 
fractional volume of disordered mater ( 
AC 
ial at time f. 
‘quations (1) and (2): 2. Conductivity (at fixed temper 
proportion il to the vol ime disorder 
Co + AC) 1 — exp] - 3. The “‘spiking 
| ac \ 4’ the flux 
where AC = C,; — Cy. In this equation Cy and ( 


are fixed; a further measurement of 


or 


or else a normalising at some point C’, on the of resistanc 


[hese implications w 


one. 


experimental curve fixes the equation completely. Thus on 
To test this equation, curve A, Figure 4, wa in Positior 

replotted to conductivity—time co-ordinates (Figure ‘nt of the 

9). Clearly AC C.-C 11.46 20.82 

— 9.36 mhos. The equation was normalised at the 


40-day point requiring 
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PABLE III 


Nominal Initial disordering Rate (% 


siow neutron 1 1 1 aR 
flux = 
x ot 


n/cm’ / Se¢ 


Position 


2.06). 

different reactor posi- 
tions with uranium cy- 
linders fast fission 


} spectrum) neutrons 


C 28.9 
Position C 
without U 
cylinder, : 00 Reactor flux, epithermal 
with Cd component 
shielding 


graphically estimated initial 
the calculated initial rate of 
fitted to the curve 
general the rates 
than 


*If one uses, instead of the 
rate of change of 
change of resistance 
Figure 9), 7.00 per 
calculated from the fitted equations are 
one would estimate graphically. 


resistance, 
formula (3 
is obtained. In 
a little higher 


using 


cent 


The implication 3 that the initial disordering 
rates are linearly proportional to the nominal slow 
neutron flux, while consistent and reasonable, can 
not be considered strictly proved by the results as 
the neutron fluxes themselves are not well enough 
known. Moreover, according to the present picture, 
the initial disordering rate should, in fact, not be 
strictly proportional to the neutron flux, but rather 
to the energy transmitted by neutron collisions to 
the re oiling atoms. 

Rather than try to relate the effects observed too 
closely to other equally involved flux measurements, 
it seems best to concentrate experimentally on 
whether neutron flux as measured by the disordering 
effect on Cu;Au bears a direct relation to irradiation 
damage in other systems; it seems likely that the 
disordering effect of neutron irradiation on Cu;3Au 
will be a useful measure of potential damage to other 
materials. 

It is of interest to estimate the average volume of a 


disordered island. If we put, approximately, 
¢ = 5 barns (o = average total scattering cross- 
section for fast neutrons in Cu;Au 
F= 15 X 10" n 


the probability of an atom being struck is approxi- 


cm*/sec., 
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mately 6.4 X 10°*/day. Since the experimental 


probability of an atom being disordered at this 


flux is 0.059 /day (implication 1), a single tempera- 
ture spike must contain —10*4 atoms. 


Conclusions 


The following conclusions may be drawn: 
1. Ordered Cu;Au 
+” wall uranium cylinder in the NRX reactor. 
The disordered and partially disordered states are 


indistinguishable, to a first approximation, from 


is rapidly disordered in a 


states produced thermally. 
Cu;Au is _ little 
irradiated in a uranium cylinder, but the electric 


2. Disordered affected when 
resistance drops in a thermal neutron flux. The 
latter effect is probably due to the formation of 
third 
changing of the ordering kinetics of the alloy. 


mercury as a component, and consequent 


3. The neutron irradiation disordering charac- 
teristics of CusAu enable it to be used as a type of 
monitor—particularly for epithermal 


reactor flux 


and fast neutrons—or for thermal neutrons if used 
with a uranium cylinder neutron converter. Its 
value as a flux monitor probably will be greatest in 


neutron irradiation damage studies. 
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THE EFFECTS OF NEUTRON IRRADIATION IN THE NRX REACTOR 
ON THE ORDER-DISORDER ALLOY CuAu* 


L. G. COOK and R. L. 


he irradiation of CuAu with neutrons causes two separable effects. Disordering is ca 
neutrons, and is negligible with thermal neutrons; the rate is approximately 0.7 of the rat 
\ secondary effect, probably ordering, is caused by thermal neutrons, very likely throug 


CUSHING?# 


ised by fast 
for CusAu 


h the agency 


of the mercury formed, as with CusAu. The effect is much more pronounced with CuAu than with 


Cu;Au, probably owing to the fact that the initial 


of 200°C. 


LES EFFETS D’IRRADIATION AVEC 


E 
SUR LA 


DES NEI 
rRANSFORMATION ORDRE-DESORDRE DANS L’ALLIAGE (¢ 


‘freezing in’’ temperature is about 80°C instead 


TRONS DANS LE REA 


L’irradiation de CuAu avec des neutrons cause deux effets séparables. Les neutrons ra 


une mise en désordre; la vitesse est approximativement 0,7 de la 
neutrons thermiques causent un effet secondaire, probablement une 
semblance par l’intermédiaire du mércure formé, comme dans le cas de CugAu 


vitesse dans le cas 
mise en ordre 


Cet effet 


plus prononcé dans le cas de CuAu que dans celui de CugAu, probablement a caus¢ 
température de ‘‘congélation’”’ est d’environ 80°C au lieu de 200°C 


DIE WIRKUNG VON NEI 


ORDNI 


Ein sekundarer Effekt, wahrscheinlich Ordnen, 
sicher auf dem Umweg iiber das gebildete Queck 
sehr viel starker als im CugAu, 
Gegensatz zu 200°C ist 


Introduction 


The behaviour of Cuz;Au when irradiated with 


neutrons in the NRX reactor has been described in 


a previous paper [1]. In this paper the comparable 


behaviour of CuAu is described. 

CuAu was selected as the first example for com- 
parison with Cu;Au because, although the elements 
the the the 
different. 


are same, mass of average atom is 


Experimental Techniques 


CuAu wire, 23.6 per cent Cu and 76.4 per cent 
Au by 


Johnson, Matthey and Mallory in the cold drawn 


weight, 0.0157 in. dia., was supplied by 
condition. All samples were annealed at 800°C in 
argon for 30 min. to remove the major effects of the 
cold drawing operation. 

The technique of measurement and irradiation 
that for CusAu [1]. 
The heat treatment programs were: 


was identical with described 
(a) To prepare disordered samples, air quench 
from 500°C. 
(b) To prepare ordered samples, 
16 hours at 425°C, 
24 hours at 415°C, 
24 hours at 400°C, 
72 hours at 375°C 
furnace cooled to room temperature. 
*Received April 2, 1953. 
tChemistry Branch, Atomic Energy of Canada Limited, 
Chalk River, Ontario, Canada. 
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PRONENBESTRAHLI 
NGSGRAD 


Die Bestrahlung von CuAu mit Neutronen fiihrt zu zwei verschiedens 
nen fiihren eine Verminderung der Ordnung herbei; bei thermischer 
vernachlassigt werden. Die Geschwindigkeit ist etwa ; 
wird 
silber wi 


wahrscheinlich weil die ‘‘Einfrieru 


NG IM 
VON CuAu 


NRX REAC 


TOR 


1 Effekte Si 
Neutronen 

0,7 der Crest hwindigk I d 
ch thermische Neutro 
im Falle CugAu. Dieser 


igstemperat 


Results 
for CuAu Wire 


A sample of CuAu wire in the disordered state 
0.16°C 


[. Resistance-Temperature Curves 


was heated at 1.66°C 4 min. to 475°C 


then slowly cooled and the electri resistance 


measured igure 1, curves A and B). The sample 


, cooled to temperatu 


hen 


was then re-heated to 425°¢ 
T, and quenched to point P. the 
curve C was measured 


Che 


ordered alloy 


tastable dis 


temperature al 
ibout SO°C, as 
\u. The 


is lower for 


“thaws com 


pared to over 2OO~( tor Cu initiation 


temperature tor “thawing out”’ 
curve C) than for 


tially ordered sample 


disordered sample (curve A 


Che 


temperatures were as follows: 


similar to Cu 


initial rates resistance fixed 


[emper it 


125°C 


Irradiation 


und ‘‘ Reactor Sp 


Comparison ol 


Fission Spectrum Veut 


A comparison of the behaviour of th electric 


resistance of the ordered and disordered CuAu wires, 


in “fission spectrum’ and “reactor spectrum” 


neutrons, is shown in Figure 2. 


iA 
de ( \ Le 
hnelle Neutt 
dieser Effekt 
iktion ( \ 
+ ( \ 
retwa 80°C 11 
iture 
DNar- 
pa 
fully 
Relaxat rate 
fully disordered a < 0.01 
().4 
partially disordered 75°C < 0.01 
90°¢ 1.35 
Results for Fast 


METALLI 
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ELECTRIC RESISTANCE 


0.0500 


0.0400 


0.0300: 


100 200 300 400 500 
TEMPERATURE °C 


esistance versus temperat 


0.16°C /min 


1.66 


The same general effects occurred as were observed 


with Cu3;Au. Although the initial dip in resistance is 


not observed in disordered Cus3Au irradiated with 


fission spectrum neutrons with Cd shielding, it does 


occur with CuAu (curve A). In “reactor spectrum” 


neutron irradiation the was much 


dip 
irve C) but unfortunately the sample temperature 
ilso higher, 


should be 


Was | is uncertain how the increase 


apportioned between tl e two tactors. 


0.1200, 
ae 
0. 11 OO} A-(27.4 °C) 
DISORDERED 
0.1000 


IN OHMS 


C-(69.6°C) 
0.0900} 


0.0800) 
0.0700! 
0.0600) 


0.0500) 


B(72.5°C) 


ELECTRIC RESISTANCE 


ORDERED | 


| | 
0.0400 
2348567869100. 
IRRADIATION PERIOD-DAYS 

FiGuRE 2. CudAu irradiations: 
neutrons with Cd shie!d; C 
without Cd shield 


\ and B, fission spectrum 
1 D, reactor spectrum neutrons 
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The 


irradiation (curve D 


ordered sample, in “reactor spectrum” 
, does not change its resistance 
as the irradiation proceeds; the small rise in resis- 
tance due to disordering and the dip due to thermal 
neutrons must just compensate (in Cus3Au they did 
not). The ordered sample in ‘‘fission spectrum”’ 


irradiation (curve B) increases its resistance line- 


arly, as with Cug3Au. 

In order to ascertain whether there was any 
trace of dip in resistance in the very early stages of 
irradiations, a set of charts 
first 20 


No trace of dip is detectable in the 


the ‘‘fission spectrum” 


was examined in detail over the hours 
(Figure 3). 
ordered samples; the disordering begins at its 
proper rate the instant irradiation begins. The dip 
in disordered samples, however, takes 5-6 hours to 


reach its maximum rate of fall. 


Ill. Comparison of Rates of Disordering 
The rates of disordering, calculated from graphi- 
cally estimated initial slopes obtained in various 


reactor positions, are gciven in Table I. 


Discussion of Results 


distinct and opposed effects of 
CuAu 


verv similar to the effects observed with CuzAu. 


There are two 


neutron irradiation on alloy, and they are 


ELECTRIC RESISTANCE IN OHMS 


24 6 8 10 18 20 
IRRADIATION PERIOD-HOURS 


FiGurE 3. Irradiation with fission spectrum neutrons with 


Cd shield. 
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ORDI 


R-DISORDER 


rABLE | 


Position 


Nominal thermal 

neutron flux in that 
position 
Type of uranium 


cylinder used 


Initial rate of 
change of electric 
resistance of ordered 
CuAu with irradia 
tion time 

oft dis 


Initial 


ordering* 


rate 


method « 


*See CusAu paper |1] for 

The initial dip in electric resistance in disordered 
specimens is more pronounced with CuAu than with 
Cu;Au and also sensitive to the presence of thermal 
neutrons and or higher sample temperatures during 
irradiation. The fact that the dip takes a few hours 
to establish itself (Figure 3) is consistent with the 
the 


\u 


(2.69 days half-life) and it requires several hours for 


hypothesis that the formation of mercury is 


cause—for the mercury is formed through 


the rate of formation of mercury to become appre 
iable. It is possible that the slight initial dip in 
resistance, occurring over the first 6 hours, is due to 


the formation of traces of Zn from the Cu. Since the 


Zn is formed through 5 sec. Cu®® and 12.8 hour Cu 
it increases more rapidly during the first few hours 


than the He!®8 which comes through 2.69 day 


Ru 
The total absence of any detectable dip in resis 


in the initial stages ol the fast neutron 


tance 


irradiation of ordered wire is also consistent; the 


disordering process should, in fact, commence 
immediately the irradiation begins, at which stage 
no mercury will have been formed and there should 
be no mutual interference. 

It is of special interest to compare the present 
results quantitatively with those for CusAu. Unto 
the irradiations described in the present 


tunately 
paper and the previous irradiations of CusAu had 
to be carried out in different positions in the reactor. 

In only one set of irradiations were the conditions 


and locations identical, and for these 


CusAu initial disordering rate 
CuAu 
\ strict comparison with sam 
CuAu in 
clearly 


expel iments 


initial disordering rate 


the same position 


desirable to connrm | 


with other order-d 


widel\ ditterent itom! weights 
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ENERGY ABSORPTION AND X-RAY STUDIES OF KINK FORMATION 
IN ZINC SINGLE CRYSTALS* 


E. I. SALKOVITZ{ and J. S. KOEHLER? 


Kink formation in single crystals of zinc was studied dynamically and statically in such a manner 
that it was possible to measure the energy absorbed during the process. The experiments reveal that 


two consecutive stages are involved. 

a) A uniform bending of the crystal takes place accompanied by an absorption of energy. For the 
crystals with the pole of the basal plane at about 75° from the specimen axis the energy absorbed was 
2.6 10° ergs; for 83° crystals the energy absorbed was 4.0 X 10° ergs. Laue patterns taken after the 
bending had occurred show asterism and a slight rotation of the basal plane 
With an absorption of additional energy a sharp kink is produced. For the 75° crystals the 
additional energy was .7 10° ergs; for the 83° crystals the additional energy was 1.2 X 105 ergs. 
\fter the kink was formed the sections on either side of the kink became straight and relatively 

to stage (b). Severe asterism 


h 


parallel. Asterism from these sections decreased in going from stage (¢ 
was obtained from the kink. 

X-ray studies show, in agreement with Hess and Barrett, that the basal plane in the kink is rotated 
relative to the basal plane in the rest of the specimen, about an axis within the basal plane which is 
perpendicular to the active slip direction. In addition, the plane has bent about this axis. Finally 


q ialitative dislocation model is presented which also is quite similar to that of Hess and Barrett. 


a 


DE L’'ABSORPTION D’'ENERGIE 


DE AUX RAYONS X ET 
DES MONOCRISTAUX 


DE PLIS (KINKS) DANS 
DE ZINC 


de plis dans des monocristaux de zinc a été étudiée de fagon a pouvoir mesurer I’énergic 


UNE ETI 
RELATIVE A LA FORMATION 


La formati 
absorbée 

a) Une flexion uniforme a lieu, accompagnée d'une absorption d’énergie. Dans le 
dont le pdle du plan de base se trouve a une distance d’environ 75° de l’axe de l’éprouvette, | 
ibsorbée était de 2,6 10° ergs; pour les cristaux dans lesquels la méme distance est de 83°, 
ibsorbée était de 4,0 10° ergs. Des diagrammes de Laue, pris aprés la flexion, montrent de 


int le processus. Ces expériences indiquent l’existence de deux ét ipes ¢ onséc 
i cas des 


isme et une légére rotation du plan de base. 
sorption d’une énergie supplémentaire, un pli trés prononcé est 
était de 0,7 10° ergs; pour les cristaux a 83° l’énergie sup 
la formation du pli, les sections des deux cétés du pli 


al produit. 
ipplémentaire 
10 ergs. 
relativement paral 
lét Un fort astérisme a été obtenu du pli. 
aux rayons X montrent, en accord avec Hess et sarrett, que le plan de base dans le pil 
ne par rapport au plan de base dans le reste de l’éprouvette, autour d’un axe contenu dans 
n de base et perpendi ulaire a la direction active de glissement. En plus, ce plan a fléchi autour 
» en question. Finalement un similaire a celui de Hess et 


astérisme de ces sections din de 


modéle qualitatif de dislocations, 
, est présenté. 


UND RONTGENOGRAPHISCHE STUDIEN DER 
IN ZINKEINKRISTALLEN 

statisch in eine 
tete, die wahrend des Vorgangs absorbierte Energie zu messen. Die 
einander folgenden Stadien, die den Vorgang ausmachen 
t unter Absorption von Energie 
\chse der Probe entfernt war, betrug die 
war die Energie etwa 4,0 10° erg. Laue 
leichte Drehung der Basisebene 


ENERGIEABSORPTION 
KNICKBILDUNG” (“KINK FORMATION’ 


Zinkeinkristallen wurde dynamisch und 


K 


Lul 
statt. Fiir 


i | < 
leichférmige Biegung des Kristalles finde 

n Normale Zur s,asisebene etwa 75 von der 
Energie etwa 2,6 X 105 erg. Fiir 83° Kristalle 
nach erfolgter Biegung zeigten Asterismus und eine | 
weiterer Energieabsorption entsteht ein scharfer Knick (‘‘kink’’). Fiir 75° Kristalle 
10° erg, fiir 83° Kristalle 1,2 * 10° erg. Nachdem sich der 
3ereiche zu beiden Seiten des Knickes grade und an 
3 1) nach (db) ab. 


a 


betrug die zusatzliche Energie 0,7 
Knick (‘‘kink gebildet hatte, wurden die 
nahernd parallel. Der Asterismus in diesen Gebieten nahm beim Ubergang von 
Der Knick selbst zeigt starken Asterismus. 

R6ntgenuntersuchungen zeigten in Ubereinstimmung mit Hess und Barrett, dass die Basiseben¢ 
des Knickes im Vergleich zu den Basisebenen im iibrigen Kristall gedreht sind und zwar um ein¢ 
\chse, die senkrecht zur wirksamen Gleitrichtung steht. Ausserdem ist die Ebnene um diese Achse 
gebogen i litatives Versetzungsmodell wird beschrieben, das dem von Hess und Barrett 
ihnlich ist 


I 


influences the plastic behavior of these two metals. 
I. Introduction If a compressive stress is exerted parallel to the basal 
Zinc and cadmium have crystallographic struc- plane, slip is not to be expected to occur readily 


tures which are not quite perfectly close-packed since the necessary resolved shear stress would be 


extremely high. Nor is twinning to be expected, for 


if twinning did occur there would be an elongation of 


hexagonal because of elongated & axes; this greatly 


*Received \pril 2, 1956 
tCarnegie Institute of Technology, Pittsburgh, Pennsvl- 

S.A. Now at Naval Research Laboratory, Washing- tCarnegie Institute of Technology. Now at Department of 
Physics, University of Illinois, Urbana, Illinois. 
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SALKOVITZ 
several per cent in the direction of the compressive 
stress. 

In 1942, Orowan [1] found that single crystals of 
cadmium whose basal planes were nearly parallel to 
the specimen axis suddenly collapsed when com- 
pressed axially by forming “kinks” in a manner 
similar to that observed by O. Miigge [2] in cyanite. 
These kinks were characterized by having sharp 
ridges and regular curvatures. Orowan suggested 
that the mechanism of kinking consisted of tilting 
lamellae, with the amount of glide between neighbor- 
ing lamellae equal to an integral multiple of the 
lattice period in the direction of glide, and that the 
boundary on each side of a kink band consisted of a 
non-crystallographic plane which bisected the angle 
between the glide planes on either side of the kink 
boundary. Presumably then, a concentration of 
dislocations existed along the boundary plane. 

In 1949, Hess and Barrett [3] studied kinking in 
that 
described by Orowan was characteristic only when a 


zinc. They suggested sudden buckling as 


‘“‘soft’’ machine was used; in a “‘stiff’’ machine one 
should get kinks gradually. They further suggested 
that the kinking process consists of a progressive 
rotation of the lattice within a band as deformation 
proceeds. Hess and Barrett measured rotations from 
a few degrees to over 80° and concluded that: 

1. Rather than being a new type of deformation, 
kink bands are deformation bands resulting from the 
ordinary slip process. 

2. In a simple kink each boundary is initially a 
surface containing the direction in the glide plane 
that is normal to the active glide direction. After 
severe bending, deviations occur. 

3. Kink band formation may be accounted for by 
assuming that pairs of dislocations are generated 
between the boundaries by buckling flexures. Dis- 
locations of one sign align themselves in one plane; 
dislocations of opposite sign in another. The planes 
of dislocations move apart until stopped by defects 
or oppt sing stresses. Successive planes of dislocations 
follow similar paths and build up continuously 
increasing angles of bend. 

Neither paper gave quantitative data relative to 
loads applied or time required for formation of kinks. 
Since a kink band, at least in its initial stage, appears 
to be a relatively simple phenomenon it may have 
a relatively simple explanation such as proposed by 
the authors of these previous papers. Quantitative 
data, particularly energy data, would be of value in 
deriving a dislocation model of the phenomenon. 
The authors’ program of research carried out in 


1949-50, consisted of three parts: (1) ballistic data 


KOEHLER: 


KINK FORMATION IN Zn 553 


gave the energy absorbed during kink formation of 


zinc single crystals; (2) static compression data gave 
the necessary load to produce kinks and enabled 


stress-strain curves to be drawn for kink 


and (3) X-ray 


nature of the deformation in the kink. 


crude 


formations; studies indicated the 


Il. Growth and Preparation of Specimens 

Single crystals of zinc of 99.999 per cent purity 
were grown in two ways, both of which were modi- 
fications of the Bridgman method. One group was 
grown in pyrex glass tubing and was given Arabi 
numerals; the other group grown in graphite cru- 
cibles was given Roman numerals. The two groups of 
crystals behaved similarly in these experiments. As 
grown the crystals ranged in length from 5 to 20 cm 
and were about 6 mm. in diameter. 

Orientations of the crystals were determined by 


taking back-reflection Laue patterns. Those crys 


tals with angle y equal to 73° or more were selected 


for the kinking experiments. (Here y is the angle 
between the specimen axis and the pole of the basal 


Che 


molds and cut into segm 


plane. selected crystals were placed in wax 


‘nts usually about an inch 


in length using a jeweler’s saw with a very fine blade 
[The ends were then polished on emery papers 2/0, 
3/0, and 4/0. Boas and Schmid 


X-ray patterns that grinding and polishing produces 


| have shown by 


a worked region 0.30 mm. thick in zinc and 0.46 mm 
the cold worked regio1 


200 


thick in cadmium. To remove 


Oonsist 


ing ol 


was used 


non-selective etch « 
15 


NaoSO, and 1000 cc. water 
permitted a millimeter of the ends to be etched 


leaving them free of pits and relatively plane 


Ill. Impact Experiments 
absorbed in 


Che 


measured by 


energy 


pall ol ballistic pendulums 
described by 


requ red 


means Ol 


in a manner similar to that 


mers |5} for measuring the energ 


single crvstals of vlindrical pendulums 


the ceiling as shown 1 


were suspended 185 cm. from 
Figure 1. Each pendulum was supported 


Nose lengths could be 


wax-coated nylon fish lines wl 
varied by means of turn-buckles. The pendulum on 
the right in the photograph, called the holder, had a 
end | 


various 


one cm. in diameter and 


cvlindrical cavity at 


7 cm. deep. Spacers of lengths could be 


placed in the cavity so that when a short crystal was 
inserted, one end of the crystal would still protrude 
\ neoprene casket lined the ( vlindrical W il ol the 
cavity permitting the crystal to be secured axially in 


place against the end of the cavity by means of three 


whicl 
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set screws. The other pendulum, called the striker, 
had a bolt projecting from its forward end so that the 
striker pendulum could be effectively lengthened or 
shortened in the horizontal direction until good con- 
tact with the crystal was made in the equilibrium 
position. As seen in the figure, each pendulum carried 
a pair of legs which moved position indicators along 
a meter stick. In all, five different striker pendulums 
and two different holder pendulums of varying 
masses were used. The orientation and dimensions 
of the crystals used in the experiment are given in 
Table I. 

Data were taken in the following manner: After a 
sample had been centered in the holder and the two 
pendulums aligned, their equilibrium positions were 
read on the meter stick. The striker was then drawn 
back to a predetermined position by means of a 
thread looped over a hook at the center of the far end 
of the pendulum (see photograph). The distance 
between this predetermined position and the equi- 
librium position was called the initial displacement 
of the striker. The striker was released by burning 
the thread and the rebound positions of the striker 
and holder were recorded after impact giving the 
corresponding rebound displacements. With a poly- 


crystalline zinc sample in place, striker and holder 


rebound displacements were recorded for various 
initial displacements. Calibration curves were then 
drawn showing that the rebound of the striker as 
well as the rebound of the holder were proportional 


RGIC 


Ballistic pendulum. 


to the initial displacement of the striker. Whenever 
pendulums were changed new calibration curves 
were made. Frequent checks of these calibrations 
showed little variation over long periods of time if 
the pendulums were properly aligned. 

In Figure 2 is a typical calibration curve of initial 
displacement of holder versus rebound displacement 
of striker for a polycry stalline specimen and typical 
data taken on a single crystal (Zinc 4—a: the letter a 
the the 


crystal 4). A similar curve was obtained for the re- 


indicates first segment cut from parent 


DISPLACEMENT OF HOLDER (CM) 


FIGURE 2. Calibration and data on zinc crystal 4—a: mass 
of striker, 1875 gm.: mass of holder, 306 gm. O—Before 
kinking; @ —kinking: after kinking. The numbers refer 
to the order in which the impacts were made. 
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CRYSTAL ORIENTATION AND DIMENSIONS 


Crystal 


bound displacement of the striker. The open circles 
are data taken on 4—a prior to kinking. The solid 


circles represent readings when kinking occurred; 


the open square is a reading subsequent to kinking 
which did not produce further kinking. It will be seen 


that the first five points lie on the calibration curve, 


KINK FORMATION IN ZN 


but for striker displacements of 12 cm. or more the 
below the curve for the polycrystalline 
energy Ata 


points lie 
sample. Chis implies an absorption ol 
striker displacement of 26 cm., no signs of kinking 
were found, but the crystal appeared slightly bowed. 
[wo additional impacts were made with a displace- 


ment of 20 cm. with no kinking. A third impact with 


a displacement of 25 cm. however, produced a kink, 


indicated by the solid circle. A fourth impact ol 
25 cm. produced a second kink adjacent to the first. 
kinking, 


\ fifth impact, did not produce further 


indicated by the open square. 


IV. Discussion of Impact Data 
Figure 3 shows several kinked crystals, some with 
those 
had 
HCl 


similar to 
The CT\ 


times 


secondary and complex kinks 


described by previous writers. stals 


been handled and etched several with 


FIGURE 3. Examples of kinl 


ind 


before photographing, to remove oxide films 


were therefore pitted. 
After impact data had been obtained on several 


crystals it became apparent that before kinking 


Was absorbed 
X ra‘ 


that basal slip producing 


occurred, a certain amount of energy 


which went into plastic deformation. evid- 


ence seemed to indicate 


a change in orientation of about 2° took place in the 


pre-kinking stage. Unfortunately, 2 


the X-ray 


however, 


was about the 


orientation process 


limit of accuracy of 


Macroscopic observation, definitely re- 
vealed that the crvstals were slightly bent or bowed 
before a kink was produced. In several cases the 
T&L 
profile comparator and was found to range from 1° 


to 
The radius of curvature of the bend in the various 


angle of bend was measured by means of a 


crystals ranged from 35 cm. to 76 cm. Using the 


comparator the kink angle was also measured and 


555 
Length Diameter Volume 
cm cm cm 
A-2 73° 2.61 
2-c 75° 3.04 55 §52 
l-a 75° 2-66 «57 652 
1-b 75° 2.15 .57 
i-c 75° 2.66 
i-d 75° 2.54 56 ~621 
0 © 
i-c 75 2.54 .55 
i-f 75° 2.51 53 
C-2 86° 2.53 426 
953 | 
0 i 
B-1 83 2.52 
u-a 83° 2-41 2511 
y=b 83° 2.55 52 
4 0 
3-d 2.50 51 
5-a 83° 5.06 1.118 
0 


556 


found to range from 6° to 15°. X-ray Laue patterns 
showed that within the kink the basal plane rotated 
by amounts comparable to the kink angle measured 
with the comparator. Additional X-ray results will 
be discussed below in more detail. 

Table II is a compilation of the significant impact 
data. Columns 2 and 3 give the masses of the striker 
and holder pendulums used with each crystal. In 
column 4 are listed the number of impacts delivered 
to the sample before kinking occurred: for example, 
crystal l-c required 14 impacts during which the 
total energy ol impacts calculated for the instant of 
Column 6 
the 


column 5 
the 


impact was 2.6 X 10° ergs 


gives this energy divided by volume of 
Columns 7 and 8 show that a total of 1.2 


sor 1.8 x 10: 


crvstal. 
10° erg 


crvstal. For Cry stal l-c, 


ergs/cc. Was absorbed by the 
velocities ranging from a 
lowest velocity (1) of 5 cm/sec. to a highest velocity 
h) ot 60 
column 9). The corresponding momenta are shown 
in column 10. A bowing of 1° this 
crystal after the 13th impact. The 14th impact made 
little change; the 15th, al 
, produced a kink 0.3 cm. long. The energy 


cm/sec. were imparted to the striker 


was found in 


a velocity of 64 cm/sec. 


column 9 
of the impact divided by the volume of the specimen 


was 2.0 X 10! column 13); the energy 


absorbed was .5 X ‘regs (column 14). Columns 15 


and 16 give the absorbed energy per unit volume of 
sample, .8 X 10 and the absorbed energy 


ergs/ cc. 


per unit volume of kink, 1.0 X 10° ergs/cc. for this 
Finally, the last 


the 


crystal. two columns list respec- 
required before and 


xX 10° ergs, 


tivel, sum total energy 


during the kinking process, 1.7 and this 


energy per unit volume of sample, 2.6 * 10° ergs/cc. 


Crvstals with orientations of 73° and 75° were 


considered jointly. In the discussion of these crystals 


which \-2, 1-b, 
temporarily. With the six remaining 75° crystals it 


) 


and 2—-c will be omitted 


follows, 


was necessary to first plastic ally deform the crystals 


} 


pnetore 


kinking could be produced. Plastic defor- 
tion, which exhibited itself in a bending of from 


>to tour degrees, an average 


energy 


was accompanied by 
absorption of 2.6 * 10° ergs 

see Table III). Of the total kinetic 
of impact of the pendulum, only 3.2 per cent was 
used in producing the bend. The nine 83° crystals 
absorbed an average of 4.0 & 10° ergs before kinking 
or 7.4 X 10° ergs per unit volume of specimen. Of 
the total kinetic energy of the pendulum 3.3 per cent 
was used in producing the bend in good agreement 
with the 75° crystals. Table 111 shows that when the 
first kink was produced, .7 X 10° ergs and 1.2 X 10° 
ergs were absorbed on the average by the 75° and 83° 
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crystals respectively; in terms of energy per unit 
volume of sample this was 1.0 X 10° ergs/cc. and 
2.2 X 10° ergs/cc., or in terms of energy per unit 
volume of kink, .9 X 10° ergs/cc. 2.5 X 108 
For the 75° crystals the sum total energy 


and 
ergs/cc. 
absorbed before and during kinking was 3.3 X 10° 
ergs, with a spread from 1.4 X 10° ergs to 5.8 X 10° 
ergs; the corresponding energy per unit volume of 
with a spread from 
For the 83° crystals 


sample was 5.0 X 10° ergs/cc., 
2.6 XK 10° to 8.0 K 10° ergs/cc. 
the total energy was 5.4 X 10° ergs with a spread 
from 1.4 X 10° to 10.2 X 10° ergs/cc.; the energy 
per unit volume was 9.6 X 10° ergs/cc. with a spread 
of from 2.2 X 10° ergs/cc. to 18.8 X 10° ergs/cc. 
The energy absorbed during the two processes is 
1.2 per cent of the total kinetic energy of impact for 
the 75° and 3.8 per cent for the 83° crystals. For 83° 
orientations there appears to be a larger average 
energy absorption for the total process than that for 
the 75° orientations. This is reasonable because the 
shear stress required for slip in the former case is 
larger the latter. The 
(length to diameter), which ranged from 3.1 to 11.6, 


than in slenderness ratio 


as well as the crystal length itself, seemed to have no 
marked influence on the energy absorption. 

In order to verify the conclusion that the crystal 
had to undergo plastic deformation, manifested by 
bending, before kinking could occur, the following 
experiment was conducted. An effort was made to 
give crystal 1—-b more than enough energy for the 
bending and kinking. An 


combined processes ol 


impact energy of 25.6 X ” erg ‘c. was delivered 
and the crystal was found to have a 35° bend but no 


kink; the energy absorbed was 37.5 X 10° ergs ‘cc. or 
about 14 per cent. The maximum value in column 18 
crvstals is 8.0 * 10 Thus, 


crystal 1—-b had absorbed more than four times the 


ergs. 


for the other 75° 
energy required to produce bending in the other 
crystals. A Laue pattern made before the impact 
showed very sharp spots; a pattern made after the 
impact showed extreme asterism, indicative of the 
deformation. Apparently then, two distinct processes 
occur. First the crystal definitely must bend. Then 
additional energy must be supplied to produce the 
The out 


simultaneously. 


kink. two processes cannot be carried 
It is interesting to examine the behavior of crystals 
A-2 and B-2. Cry stal A-2 (73°) absorbed 1.9 * 105 


ergs/cc. in seven impacts and was bowed slightly. 
Crystal B-2 (83°) absorbed 1.0 * 10° ergs but did 
not seem to be bowed. In neither case was there any 
sign of kinking. Apparently, in the case of A-2 energy 


sufficient only to bend the crystal had been pro- 
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vided; in the case of B-2, however, the energy pro- 
vided was insufficient to produce macroscopically 
detectable bending. For the velocities used in these 
the 
seemed independent of 


experiments fore energy (bending energy 
the velocity ol impact, but 
the additional energy required to produce the kink 
increased as the velocity of impact increased. 
Because it is generally stated that zinc has a very 
rapid recovery rate, the question arose of whether 
one is justified in simply adding together the energy 
contributions made during individual impacts. 
Several experiments were performed to evaluate the 
effect of recovery upon the impact data. First, 1—b 
was set aside for 26 days alter it had received the 
impact discussed above. At the end of this period the 
crystal was given a lighter impact during which only 
8 X 10° ergs/cc. was absorbed. Upon the next impact 
a kink was produced with an energy absorption of 
0.6 10° ergs/cc. 


of sample, which is within the 
range of the data for the 75° 


crvstals already con 


sidered. If the crystal had recovered completely in 


res/ Ce 


this 26 day period, an additional 4.0 & 10° e 


of energy instead of only .8 X 10° ergs/cc., should 
have been absorbed before kinking occurred. The 
value in column 18 is large of course because of the 
large initial impact energy. 

Further evidence that recovery was not an impor- 


tant factor in these experiments appears in results 
obtained with three other crystals. Crystal 2—C had 
been bent during the polishing process and was set 


aside for several weeks. When impact tests were 
t was 2ivel 


LOf 


finally made on the crystal, a single impa¢ 
absorption ol 
slightly 


The next impact t produc eda kink, the data for which 


with a consequent energy 


ergs/ cc. accompanied by more bendit Oo 
are in the table. An additional impact produced two 
additional kinks. rhe total energy absorbed per unit 
volume before and during the production of the first 
10°, an 


\pparently some of the neces 


kink was 1.7 amount smaller than an 


other similar reading. 


sary plastic deformation preceding kinking was 


present before the first impact. 
both 83 were also tested 


Crvstals 3—a and B-1 


for evidence of recovery. Crystal 3—a exhibited 


1°45’ bend alter having absorbed 1.8 10° ergs 
It was set aside for 48 hours and then four impacts 
were applied with a subsequent absorption of 
9 &X bend. It 
complete recovery had occurred in the intervening 
10° er 


10° ergs/cc. The crystal now had a 4 


time, considerably more than .9 s/cc. ol 


energy should have been absorbed in the second 
group of impact ts. Similarly cry stal B | was set aside 


after it had absorbed 1.8 X 10° ergs/cc. without any 
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sign of bending. Four impacts delivered 48 hours 
later caused no bending although .5 * 10° ergs were 


absorbed. Three subsequent impacts produced 


gradual bending of a small amount with an absorp- 


tion of .2 X* 10 The sum of the energies 


ergs/ cc. 


2.5 & 10° ergs/cc. of which 72 per cent 


absorbed Was 
had been absorbed during the first series of impacts, 
again indicating that very little recovery had taken 
place. It should be noted that the time 
ith 


was ol the ordet ot one or 


between several crvst;: 
1—a, 1-d, 


utes so that a complete run was made 


successive impacts W 


eu two min 


in hour Ol 


two; with others as des« ribed above. the el upsed time 


for a run was 48 hours. The quantitative data for the 
latter crystals did not differ appreciably from the 
data for the former 

hese recovery experiments seem at variance with 
the findings of Haase and Schmid [6] who stated that 


parti il recovery occurred in 30 seconds at 


in 24 hours when a 


1d complete 


tensile load was removed 


recover \ 


from single crystals of zinc. An examination of their 


data shows that the crvstals studied had « itations 
near 45°. This indicates th n orientation dep 
dence may exist for recov of hexag metals o 
that recovery is v strongly depend ni he 
nature ind mount ot del m oO 

In | ible I\ 1S recorded the ingie ¢ pend lO 
several crystals as measured b he compat 
In \ SeS the Was Ve b 
neasure dd ( le com ( sure 
ments, evidence of bending cs the hat sn 
Surtace yins eque yp ed ( ( r 
Sicle ol Cl sta \s Ss ec eSSIV¢ 
stress pp | aS 
crvet ot « e ( st 

tensile stress 1s ed ( | 
crystals used the expe nents ( 
ss 1} eC eC SD ~ 
fore winning oO ed along « one side « 
relative to the other. Ce 
have De bet 

While measuring the oles « 
parator was opserved that the nm 
side oO the S a) lo oe! 
SUI oht Phe Su ( \ 
tilted relat ve to eacn other by Vel Sm | nei 
although the compat itor showed he 
straight initially. For crystal B—1 th 
kinking was 25 

Three cadmium crystals were also kinked in the 
manner described above; data were taken | one. 
Cd-1 (80 \s expected, cadmium behaved quite 


z2edwi yoee uo (Qesapisuod 


sAep 92 apise jas 


got x G°T 


x OT &* 


S got x t90° 
ye pawsoy (yews 


6 4a 


pua auo 


puseq 


sey 

got x x B°T t60° 

abueyd ou 


910° 


9 nlo* 
yoedwi Buimog yybiys Asana 


Vivd 


x 
© < o< © o 
c oc 
> x x x x 
< ~ 
2 
co > 
< = 
¢ ~ = = 
> x x x x x 
c © 
- € = ° ° 
ce = = =a « 
“A > @ c x 
- & 
-t Cc 
E x a ~ © 
> >= 6 
> e foo’ 
2 
2 22 22 2 27 2 3 2 2 2 2722 2 2722 22 2 2 2 2 2 2 
eo c co > coc < coce coco > c 
> x 
cw 2 
- o 22 722 27 22 oo © @ aan ~ © @ ooo o @ 
= ons NN NN NNN 27222 vn 22 or 77 2 2 
> 
- 
« o ol ~ ~ 2 c @ ~ o 
- ~ 
© © < © © © < 
© = = per = = = = = 
“ 
oe, 
& 2 2 2 2 ~ © © ~ 
2 ~ 
ox = = = = ~ = = 
ce 
= 
= = = = = c ~ c 
~ ~ ~ ~ -- 
= E ~ ~ 2 ~ ~ 


sanoy 


lt 


Sinoy Br epise 


Asepuoras 
6°9 


x 


gt X Lek 
pueg 


Tt or 


of8 8 dnou9 


Vivd LOVdWi 


x 
“a¢eé = = = 
x x= = x 
a o = = = N 
c 
ao oF ~o oo w ~ ~ 
x x x x x x «x x » 
a oa “4 aa o 
= “a aa = ® a 
2 x x x x x «x ~ = 
z 
x 
©. © © < < < < ood < 
o 2 =) < > c Cc c 
a aa z= x = — = = 
A ot « + < 4 x 
= coco oc c < 
o on @© @ NA A @ © 2 « x x x x x x x 
© ®© ow ow No < oo 2 oe o x 
° ° < 
= = = = = a a ale “lew 
< o oo © K oo © « < < 
© ~ > 2 2 Ole 
< o © oo © oo © k < 
o = c < c 
| 
~ ~ x < oo alo olen 
> < x > > 
@ @ « > 


560 ACTA METALLURGICA, 


VOL. 1, 1953 


TABLE 


AVERAGE VALUES OF 


Deformation Total Energy 
, 

Total IV sample 

Percentage of 


absorbed 


Before Kinking 


Kinkina 


similarly to zinc. Che total energy to produce bend- 


ing plus kinking was 9.5 X 10° ergs/cc. 


IV. Compression Tests 


In addition to the impact experiments, a series of 
crude compression tests were run to study kinking 
under static load. Data were obtained on a hand- 
operated compression machine. The load was applied 
by turning a screw which moved the crystal against 
a spring. This spring had been calibrated by apply- 
ing dead weight and measuring the resulting com- 
pression. During a run the compression of the spring, 
and therefore in effect the applied load was measured 
by means of a dial gauge which could be read to .001 
in.; (001 in. .66 Ib. or .31 kg. 


the specimen was measured by 


; the compression of 
means of a dial 
gauge which could be read to .0O01 in. 


The data obtained on eight crystals are compiled 


(E*) Absorbed 


impact energy 


IMPACT DATA 


ergs 
ergs/cc 


ergs 
ergs/cc 


erags/cc 
ergs/cc 
erags/cc 


in Table V. 
and 6—b (86° 


Before the tests were run crystals 6-a 

were examined in J & L optical com- 
parator and found to be straight. Extremely slow and 
interrupted rates ol compression were applied to 
these crystals. The total time elapsed for each run 
was about two hours. Crystal 6-a bowed slightly at 
a load of 56 kg., the bowing becoming considerable 


at about 180 ke. Kinks occurred at each end at a load 


of 303 kg. In crystal 6—b, bowing appeared at a load 
of 115 kg. 


appeared at a load of 270 kg. The two crystals 


Complex kinks, consisting of ridges 
differed originally only in slenderness ratio, i.e. the 
ratio of length to diameter. 6—a had a slenderness of 
1.8, whereas 6—b had a slenderness of 2.1. 

Crystal 7—a (72°), which was also quite straight 
initially, kinked at a load of only 2.1 kg. when the 
compression rate was faster and more uniform. The 
total elapsed time for readings on this crystal was 


75° 83° 
2.6 x 10° x 10° 
4.0 x 10° 7.4 x 10° 
3.2% 3.34 
Ms Data Energy Absorbed 10° ergs 1.2 x 10° ergs 
E*/V ample 1.0 x 10° ergs 2.2 xX 10° ergs 
Viet ne x 10° ergs 2-5 X 10° ergs 
5 5 
2 Ave 3.3 x 20° 5.4 x 10° ergs 
Min 1.4 x 10° ergs 1.4 x 10° ergs 
Max 5.8 x 10° ergs 10.2 x 10° ergs 
Fe 5 
icin Ave 5.0 x 10° 9.6 x 10° ergs/cc 
sample Mir 2-6 X 10 8 eras/cc 
Max 8.0 x 10° 18.8 x 10° ergs/cc 
of the 9 values of [7h +E for 83° crystals were definitely higher than 
sample 
the highest 75° crystals. 
Percentage of total 
available eneray 10¢ 
4.2% 3.8% 
absorbed for both 
processes 
Averaged over 6 crystals 
Averaged over 9 crystals 
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TABLE IV 
ANGULAR MEASUREMENTS 


Crystal Orientation 


Impact 
Samples 


Compression 


Samples 


of curvature 


between surface above and surface 


fifteen minutes. As soon as the kink was 


noticed an effort was made to rapidly remove the 


about 


load. Before this could be done, the kink angle was 
seen to increase. The kink angle as finally measured 
on the comparator was 3°41’; as measured by Laue 
patterns it was about 3°. It was also found that the 
edges of the crystal above and below the kink were 
now tilted about 8’ relative to each other as measured 
on the comparator. During the course of the experi- 
the load 
recorded. The area under the curve is a 


ment and accompanying strain were 
measure ol 
the energy absorbed and gave a value of 5 & 10° ergs. 

With a fast rate of compression, data was taken 
next on crystal 4—-d (83°). A kink was detected at a 
load of only 1.2 kg. The kink angle when measured 
on the comparator was about 11°; the tilt angle was 
11’, and the average radius of curvature of the kink 


surface was 5.2 mm. Because the kink formed so 
rapidly, stress-strain data were not obtained. In 
preparing crystal D-1, a very slight bend was intro- 
duced about one quarter of the way from one end. 
Near the middle of the crystal was a growth twin a 


fraction of a millimeter wide. A compression test was 


made to see where the kink would form 


It formed at 
the site of the original bend at a load of 9 
increased without an 

Phe 
the comparator, were 


Phe 


pattern was 13 


the kink angle 


kink leneth increasing tilt angle and the kink 


angle, as measured by 


tively 26’ and 14°41 


respet 
1 

rotation of the basal plane 

as measured by | aue 

Motion picture studies were made ot three ldi- 


tional crystals. After determining that each crystal 


was straight initially, motion pictures were taken of 


the crystal undergoing while simul 


compression, 


taneously another motion picture camera recorded 


purpe se 


the dial guage data. The primary these 


experiments was to establish whether a kink formed 


abruptly or gradually 

Che load was applied rapidly but intermittent 
crystal 6—-c (86°). At 38.5 kg. the crystal bowed i1 
shape of a cosine curve; then kinks ippeared it 
the center 


and bottom. Finally a kink occurred at 


The dial gauges did not follow the motion well 


un Curve Was 


crystal 8 


consequently a very erratic stress-stt 


obtained. [his also occurred with the 


(82.5°), which kinked at 1: 
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Anale of 
Angle of Bowing Radius Kink K—Ray anole of 
(cm) Comparator Tilt 
4 0 
i-d 75 2” or 3” 4g 
n 
( 
75 2 40 113° 
0 0 
1-b 75 34 35 
3-b 82° 15° 11° 
0 0 2 5“13° 
3-a 37 i 
83 ~ 9°26" 1( 25° 
0 
D-1 13 26° 
11 1 
53 
RadiuS 
below kink 
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kinked at 9 kg. This time it was When crystal 8 was photographed the 16-mm. 


crude stress-strain curve (see camera was run at 16 frames per second. In Figure 5, 


absorbed during the kinking which is an enlargement of several consecutive 


from the curve was 3 X 10° frames, the crystal is seen to have no kink in one 
frame, but in the next frame the kink is present. 


This indicates that the kink occurred within 


a time 
interval of .06 sec. When crystal E-1 was photo- 


graphed the camera was run at 32 frames per second, 


and it was possible to see the « hange occur between 


consecutive frames, so that the kink occurred prob- 
ably within .03 sec. 


V. X-ray Studies 
The discussion in SEC tion II] ol the energy ab- 
sorbed in kink formation by impact showed that the 


kinking process was two fold. The crystal was bowed 


plastically by the first impact or series of impacts 


during which a critical amount of energy was 
absorbed. Additional impacts then produced the 


kink, with additional energy absorption. 


TABLE V 
COMPRESSION DATA 
Prysta?l Niameteor toad to Kink lanott Angle Remarks 
Number Kink ute 
4 \ ( ink 
213 Very low comore Sam pate 
Tinh? hou + k 
Considerabls« 180 ka 
Kinked at end 
1.14 27 Very slow compression rate 
Bowed at 115 ka 
7-a 2.89 54 «38 +s t comore r rat 
Kink anale increased after 
formayior f kinks 
44 41 + nd r + 17 
42 Cact+ PAmnr cinr rate 
2.47 53 13.5 Fast uniform compression rate 
Motion pictures taken 
3.68 is Fast niform comoression rate 
Matian nicturee taker 
6-c 54 Slow compre sion rate 
Rowed at 328.5 ka 
ac 
Kinked at top and botton 
top and 
+hor ir center 
M buramantec mat an CAamnaratar 
Crystal (85°) 
1 
Figure 4). The energy ee 
eT 
= 
= 
> FIRST 
| 
6 20. 268 
COMPRESSION 
28 8 5 4 42 0 
STRAIN 
Ficure 4. Load-strain curve for zinc crystal E~1 SCC 
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cryvsi il showed ( le 
| 


occurred | we 


below 


FIGURE 5. Consec rames showing formation of 
ain relativel) 
X-ray data were obtained on several of the he pattern taken 


crystals used in the impact experiments. Figure 6 is very high background scatt 


IN Z 563 
a print ol DackK reflec thiol | Luc p ttern made ol 
fe 
| cryst i before t received I mpacts The Ci 
cular discs are due to cll tluminum shields 
inserted in the X-ra\ fils holder to reduce the 
++ | 
= ntense dittuse si erin lhe Laue spots are seen to 
be quite sharp | gure ¢ 1S | pattern 1 ite! 
Impacts takel near the mpact ol the 
background, diffuse spots an terism. [hi 
itself h d expe! enced “45° bend \ | e patter! 
4 taken near the opposite end so showed dittuse pots 
| . nd asterism, but the b ound intens 
re vel \fter the terns |! pe 
period LS hours h Sec] t he 
. oiven four more impacts whicl creased the bendin 
« 
ngle to 4 The next impact produced nk \ 
patter! takel ibove the kink near the act 
‘ 
—— . ~ less asterism (Figure 8). A Laue pattern taken on the 
far side of the kink (Figure 9) was almost devoid of 
isterism showing quit Sharp spots beau il] the 
4 Fs Laue pattern taken at the kink Figure 10) shower 
* = asterism, diffuse and multiple spots ; wel S 
higher background cdensit thal n patterns taker 
° on either side ot the ku 
Ar 4 
3 - crvstals used in the impact and the compressio1 
tests with similar results particu I patterns 
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outer edge of the film, gave the most curved spots 
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sharp Che crvstal was next rot ed S 
‘ ixis and Lau patterns obtained fro thin the 
= kink and from either side of it. In this position thi 
X-ray beam was practicall perpendicular to the 
harp indicating little distortior 
In the KINkK, | Yure io, reveaied 
ering and long streaks 
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These streaks represent reflections from the basal 
plane or planes slightly tilted to it. 

By analysis of the patterns taken on this and other 
crystals, it was concluded that within the kink the 
basal plane had rotated around an axis parallel to or 
within a few degrees of (0110) in agreement with 
Hess and Barrett. The nature of the streaks implied 
that the basal plane had also bent about this axis, 
or else within the area covered by the X-ray beam 
the different 
of 3°. It 


argued that if the bending of the basal plane was about 


basal plane took on progressively 


orientations amounting to a total was 
a given axis, two transmission glancing angle patterns, 
one made parallel to and another perpendicular to 
the bending axis, should give two distinct types of 
first case, with the X-ray beam 


patterns. In the 


parallel to the bending axis, one should get arcs 
concentric to the X-ray beam; in the second case 
one should get streaks radial io the X-ray beam. 


Accordingly the two patterns were made: Figure 14 


ith beam parallel to the bending axis, shows 


concentrh ircs: 


Figure 15 taken perpendicular 


to the bending axis, only radial streaks. These indi- 
cate conclusively that the basal plane was bent or 
assumed progressively different orientations about 


single axis. 


VI. Summary and Discussion 


[he experiments show conclusively that the for- 
mation of a kink in an originally straight undeformed 


zinc crystal occurs in two consecutive st wes: 


a) A uniform permanent bending of the crystal 
takes plac e€ act ompanied by an absorption ol energy. 


Laue patterns reveal considerable asterism and 


indicate small 


the the basal plane has rotated a 
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1—d: 


FiGurE 15. Kink in crystal X-ray beam perpendi- 


cular to bending axis. 


amount away from the specimen axis during this 
first stage. 

(b) With absorption of additional energy a sharp 
kink is produced. The kink angle varies from 1° to 
14°. The regions on either side of the kink are 
relatively straight and free from asterism. Severe 
asterism, however, is obtained from the kink itself. 
Within the kink the basal plane has rotated and bent 
further about an axis in its plane normal to the 
active slip direction. Within the one square milli- 
meter of surface covered by the X-ray beam there is 
a spread of 1 to 4° in the orientation. Further, the 
glancing angle X-ray patterns show that the bend- 
ing within the kink occurs about a single axis. The 


X-ray 


intensities indicating that this bending has occurred 


reflections consist of maxima and minima 


in lamellar fashion. 

In the impact experiments the energy absorbed 
kinking 2.6 X 10 for the 75° 
LO 


absorbed during kinking was .7 X 10 


before Was 


ergs 


crvstals and 10° ergs for the 83° crvstals. The 


energy ergs 


‘es for the 83° 


for the 75° crystals and 1.2 X 10° e 
Che did 


velocity dependent for the velocities used, but the 


crystals. ‘fore”’ enere\ not seem to be 


additional energy required to produce a kink in- 
creased as the velocity of impacts increased. In these 
experiments recovery did not seem to be a significant 
factor. 

In principle the process of kink formation in the 
static compression experiments was similar to that 
in the impact experiments. The energy data obtained 
from the load-elongation curves of a 72° and an 85° 
crvstal are in good agreement with what would be 
expected from the impact data. 

At the 1950 meeting of the American Crvstallo- 


graphic Association, one of us (E.I.S. proposed an 
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extension to the Hess-Barrett dislocation model for 
kink formation. This model is not too different from 
that proposed by subsequent writers. 

It will be recalled that the Laue patterns taken 
after a few impacts had been delivered to the crystal 
indicated that plastic deformation had occurred. A 
small amount of rotation of the basal plane away 
from the specimen axis could be detected. Further- 
more a macroscopic bowing of the sample had 
occurred. Such a bowing should be manifested by the 
existence of an excess of dislocations of one sign 
along the extended surface of the crystal relative to 
the compressed surface; indeed there is an excess of 
dislocations on the extended surface of each glide 
lamella. As Cahn [7] showed, if the dislocations move 
along the glide plane, the radii of curvature of the 
lamellae increase locally, thereby reducing the strain. 
The the 
supplied by the several impacts. Dislocations would 


activation energy for process would be 


then pile up along surfaces perpendicular, or nearly 
so, to the glide plane. The region between these 
surfaces would consist of badly distorted metal, the 
material on the opposite sides of these surfaces (the 
would be relatively strain free. 


kink boundaries) 


The X-ray patterns taken within the kink do show 


KOEHLER: 


KINK FORMATION IN Zn 


this region to be greatly distorted while patterns 
taken in regions on either side of the kink show them 
to be relatively strain free. One therefore concludes 
that the kinked region consists of a disordered array 
of locked-in dislocations. It is interesting to note that 
only the kinked 


when these samples are heated 


regi yn recrvstallizes. 


This article is based on a thesis submitted June, 
1950 by E. I. 
requirements for the degree 
the ( 


Salkovitz in partial fulfillment of the 
§ Doctor of Science in 


arnegie Technology. 
The investigation was supported by the Office of 


Naval New 


Hampton meeting of the American Crystallographic 


Physics at Institute of 


Research and was reported to the 


\ssociation, August, 1950. 
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AN X-RAY INVESTIGATION OF AGE HARDENING IN AIAg* 
B. WALKER} and A. GUINIER{ 


ol I h is beet investig ited with both low 
tering from samples q ienched from t 
majority of the Ag atoms of the 
which is surrounded by regio 
atoms continuing to remain 
itate ol compositi 
ppea <hibit fault 
OOO. | 


ne 


NE INVESTIGATION AUX RAYONS X DU VIEILLISSEMENT DANS AIAg 
e contenant 20 pour cent d’Ag en poids a été 11 stigué au mov des méthodes de 


les écha 


LAL 


on et 


aece s 


mecanisme 


,ONTGENUNTERSUCHUNG DES AUSHARTENS E 


rde sowol 


em Ber 
lie Atome 
( pitat d dere! 


000.1 
1 Fall 


000.1 


; regions which may show irregularities in terms of 

Introduction interatomic spacings but which are coherent with 

the course of the age hardening the parent matrix in that the general disposition of 

transformation in various alloys X-ray diffraction atoms is the same as that for the matrix. On anneal- 
techniques have provided information otherwise — ing these zones first increase in size, generally show- 
inable. This is particularly so in the study ing some modification of internal atomic arrange- 
y stages of age hardening, where, following ments tending towards some regular structure, but 
techniques introduced by Guinier {1] and Preston after further annealing there is an abrupt transition, 
2], the investigation is focussed primarily on the the zones disappearing and the true precipitate, 
diffuse scattering outside of the normal Bragg with its different structure, appearing. Thus this 
reflections. While different investigators have agreed _ interpretation basically requires the existence of two 
on descriptions of the final stages of the phenomenon distinct stages in the precipitation transformation. 
disagreement still exists concerning A different description is offered by Geisler and 


1 


the description of the first stages, this disagreement his associates [4], who maintain that the diff- 


generally being over the manner of interpretation of | raction patterns ‘‘can be interpreted as evidence 
the diffuse X-ray scattering. Guinier [3], in studying for precipitation particles which are only a few unit 


several loy systems showing precipitation, has _ cells in size. Anisotropic growth can be followed until 


interpreted the scattering as showing that the solute the particles exceed the size in all dimensions 


atoms in the alloy first cluster together into zones, necessary for sharp diffraction effects. Interpretation 


mR involving pre-precipitation phenomena again can 
Lecel 
tDepartm« t of Phy Massachuset 
ology, Cambri SA 
yretation, it was thought worthwhile to make a 
tConservatoir ationale des Arts et Métiers, 292, rue 
Saint Martin, Pari 


ts Institute of Tech- be abandoned.”’ In view of this difference in inter- 


further investigation of some alloy system which 
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it « 
he regio 
lloy have 
ov 
he matrix 
brupth 
ol the 
ees sm of precipitat offered by Guinier thus appears to be stified for th illo 
| 
es ravons X petit gle et grand angle. La dispersion diffuse d ée par HE ntillons 
part le la rés e enlnhilité ealics montré que p lant Ja tremp maiorité des 
tome \o conte s dans liage se sont groupés en petits amas sphériques, entourés d'une régio 
Die te r ¢ \o | re it provot a commie ceme ne croissance des tmas les 
précipité he rma | e ( positit \goAl apparait subitement sous la forme de lamelles amincies 
ireCti SBME présentant des défauts d’empilage dans les plans (0001). Si on prolonge I 
; 1, tade. les lamelles continuent a croitre et devie ent plus parfaites. Ainsi l’intet 
prétat mum? le precipitation, due a Guinier, est stifiée dans | is de cet alliage 
I \l-Ag Legierung mit 20 Gew. prozent Ag wus! mit Kleinwinkel- als auch Weit 
elstre ter cht. Dis liffuse Streu die be Probe velunde wurde a 
em Phasenbereich der fest abgeschreckt word ware zeigte. dass sich die Mehrzahl der 
Silberatome waihrend des Abschreckens zu_ kleine kugelformige \geregate fzusammenball 
Gliil tritt plotzlicl Pr 
Eben fweise Die Plattchen wachsen bei weiterem Gliihe ind werden gleichfOrmiger. In ( ,oc 
ser Leg g erscheint die m Guinier gegebene Erklarung des Ausscheidungsmechanismus 
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had already been studied by both authors in order 
to determine which interpretation seemed to be 
justified. 

Of have 


\LAg 


ireslt 


age hardening allovs which 
h 
cl 
answer to this problem, since not only does the large 


the 


the several 


been studied, the system of aluminum ri 


seemed to be one which should give the 


ditference in atomic scattering factors rendet 


diffuse scattering more easily observable, but also 


the equal atomic ‘“‘radii’’ eliminates possible dittuse 
scattering due to lattice distortion caused simpl\ 


by 


investigations oO 


the different sizes of the constituents [5]. Several 


{ this system have been reported, 


beginning with those of Barrett and Geisler |6 


and Guinier [7], with two of the more recent studies 


being those by Geisler and Hill [4] and Guinier [3 


One fact stands out in a comparison of the expert 
ol 


mental results these investigations 


most investigators have found rods of 


scattering extending along various matrix 

directions through reciprocal lattice points, Guiniet 
reported essentially the same phenomenon, but as a 
characteristic of the second Stage ol pret ipitation, 


the 


attering 


since earlier in the annealing history, betore 


{ these rods, a quite different si 
pe ol 


after sharp quenching 


appearance O 


This first ty scattering, 


distribution was found. 


found for alloys immediately 


from the solid solution and after short anneals at 


low temperatures, is best described as a distribution 


ol se attering power in the form of spheri al shell-like 


il 


distribution, 


regions surrounding each of the recipro lattice 


points.* To explain this scattering 


Guinier [8] offered an interpretation based on an 


analogy with the scattering from amorphous bodies, 
\g 


spherical zones, with these zones displaying 


des ribing the atoms as (¢ lustered together 


like distribution with a marked most probal 


nearest neighbor distance, and from the positions 


and breadths of the shells he determined the nearest 


neighbor separation and the size of the zones 


This 


particularly 


with difficulties, 


ot 


interpretation met some 


in the matter the quantitative 


determination ofl cluster size and inter-cluster 


distances, as was pointed out by Jagodzinski and 


Laves |9]. To clarify this point, it was felt that the 


quanti 


primary objec tive of this study should be 


tative study of the intensity distribution in this 


first type of scattering, which, it was hoped, would 


make possible a more accurate interpretation of the 


*In this article the term reciprocal 
to each reciprocal lattice interse tion havil g 


tering power #0). 
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the techni 


Experimental Study of the First Stage of Age 
Hardening 


nda etcn 


followed bi HNO 
lowed by HNO 
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ed 


equipment develo] 


Chis had as a source 


the Stuc I ( S Ctering \ OSC! 
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1 4 ] 
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] ( ( 
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pel ent LO! \ 
> 
a ne foils 0.04 nim. th Some « es 
nd a solutior 
th +} nol 
the s ol 
scattering by Fournet an 
i On-zero scat 
Guinier [12]. XN -rays a 


570 


electron beam focussed on a rotating Cu anode. 
The Cuka radiation was monochromated and fo- 
cussed by successive diffraction from the (1011) 
planes of first one, then a second bent and ground 
quartz crystal, the focus of the first monochromator 
serving as a source for the second. The beam from 
the second monochromator was focussed on the flat 
film, excessive blackening from the direct beam 
being prevented by the presence of a thin Cu strip 
as beam stop placed 2 mm. before the film. Sets of 
slits limited the vertical and horizontal divergence 
of the beam, and further slits limited the parasitic 
scattering from the monochromators and from the 
edges of the first slits, so that with monochromators, 
slits and film contained in an evacuated chamber, 
extraneous. scattering was reduced to a minimum. 
Resolution was excellent; with a sample to film 
distance of 


approximately 10 cm., scattering at 


angles down to 26 = 24’ was clearly visible; and 
with the X-ray tube operating at 45 kv and 45 ma 
legible patterns were obtained with only two hour 
exposures. 

The typical pattern for a quenched foil showed a 
diffuse ring surrounding the trace of the direct 
beam; one such pattern, enlarged three times, is 
reproduced in Figure la. The diameter of the ring 
depended noticeably on the speed of quenching, 
slower rates giving rise to smaller ring diameters. 


When single crystal specimens were given the same 


anneals and quenched, it was confirmed that their 


transmission patterns showed this same ring of 


circularly symmetric scattering, independent of the 


orientation of the crystal relative to the X-ray beam. 


\ description of these results in terms of the matrix 


reciprocal lattice is then that the (000 reciprocal 


lattice point is surrounded by a spherically symmet- 


ric, hell-like region ot s attering power. 
When these quenched samples were annealed for 


various lengths of time at several temperatures 


between 20°C and 400°C, the diameter of the ring of 


diffuse scattering diminished and the _ intensity 


increased as the anneal progressed as is shown in 


The rate of decrease of diameter was 


the 


| igure lb. 


greater, the higher annealing temperature; 


Figure 2 is a graph of the diameter as a function of 
time and temperature. For each temperature, as the 
anneal continued the ring eventually diminished to 
such an extent that all details were obscured by 
the beam stop, the pattern showing only a blur of 
scattering, as is shown in Figure lc. 

Photographi studies of the large angle Ss attering 
from single crystals showed that when the (000) 


reciprocal lattice point was surrounded by its shell of 
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FIGURE 1. Small angle scattering of CuKa radiation by 
polycrystalline AlAg in 
a) quenched from 520°C; (b) que 
25 minutes at POS C: ( quencl i trom 


at 205°C; (d) quen 1 from 


stages ol re hardening; 
nched from 520°C, annealed 
520 anne iled 
Ly. OM 


Varlous 


annealed 


scattering power, each of the other re ipre wal lattice 
points was also surrounded by a similar scattering 
The 


distorted, a result of crystal imperfection and beam 


distribution. Brage reflections were rather 
divergence, but the shell was clearly evident and its 


position, relative intensity, and diameter could be 
The 
showed that each of these shells of s« attering power 
had 
reciprocal space as that of the shell surrounding the 
(QOO 


centered 


determined. results of those measurements 


the same diameter and scattering power in 


reciprocal lattice point, and each shell was 


on its respective matrix reciprocal lattice 
point. This requires that, whatever the form of the 
atomic distribution giving rise to this anomalous 
scattering, the atoms of the alloy must be situated 


on lattice sites having interatomic spacings and 


= 1953 
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1+T (urs) 


10 100 


Change in diameter of ring of diffuse scattering 
temperatures 


FIGURE 2. 
function of time for 
140°C: (C 


several annealing 


165°C: (D) 205°C: (E) 25: 


as a 


\) 100°C; (B 


orientations identical to those of the parent matrix, 
i.e., a most probable supposition, the atoms are 
located on lattice sites of the parent matrix. 
Accurate quantitative determination of the inten- 
sity of diffuse scattering with photographic tech- 
niques is difficult, given, among others, the problem 
of subtraction of parasitic and bac keround scatter- 
ing, whereas this is much more simply done when the 
detection and enregistry of the scattering is done 
with a Geiger-Miiller counter and associated scaling 
circuits. Thus for our quantitative measurements of 
developed by 


intensity we employed equipment 


Blin [13] for the particular study of small angle 
a sealed, Cu target tube 


(1011 


asymmetrically cut, bent quartz crystal and focus- 


scattering. Radiation from 


was monochromated by the planes of an 
sed at a point on the circle traversed by the counter 
slits. An evacuable glass chamber with thin poly- 
styrene windows was mounted on the arm supporting 
the G.M. counter, in between the counter slits and 
the sample at the center of the table, so that all but 
3 or 4 mm. of the beam path between sample and 
counter could be maintained in vacuum. With this 
arrangement, by carefully adjusting the mono- 
chromator and slits, intensities could be measured 
50’ without the corrections 


| he 


necessary corrections were made from measurements 


down to an angle of 26 = 


for parasitic scattering becoming too large. 


taken without the sample in position, these being 
corrected for absorption in the sample. 
The 


for parasitic scattering, obtained with this apparatus 


measured intensity distribution, corrected 
for a polycrystalline specimen quenched in water 
after a 24-hour anneal at 520°C is reproduced in 
Figure 3. This distribution, characteristic of quen- 


ched single crystals as well as polycrystalline foils, 
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starts apparently from zero, mounts rapidly to a 
2°20)’ 


an angle of 26 = 9 


peak at 26 then decreases more slowly, 


reaching zero at 


Interpretation of the Diffuse Scattering 


[he observed periodicity of the diffuse scattering 
in reciprocal space having shown that the atoms still 


remained on the matrix lattice sites during this 


first stage of the transformation, it seemed appro- 
priate to attempt an analysis based on the theory of 


scattering by binary alloys with local order conheg 


uration, best expressed in recent 


ley 14 


theory 


itions To this 


Though ; applic 


have been concerned with illovs show 


the order-disorder transformation, there is no sucl 


Che onl serious 


limitation contained in the theory 
the theory is that the atoms 
Within 
bin 


particular arrangements of its two types of 


limitation in remall 


on the matrix lattice sites this 


the diffuse scattering from irv alloy 


described by a three-dimensional Fourier 
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is the probability of finding an 


A at a position + meas’ + 


where P(AA, 
atom of type 
from another A atom, the vectors a;’, ao’, and a,’ 


being the largest fractions of the unit cell axes 


such that any atomic position can be described by 


some combination of the integers 71, mo, m3 (for 


face-centered cubic lattices, ay’ 4, a’ = 


a3’ = 3a3) and S and S, are unit vectors in the 


directions of the diffracted and incident beams, 
respectively. 


Then, by a Fourier transformation: 
(2) a, 


J J J Nmama(fa — fr 
«6 


exp| — (S— S + + n3a;') | dv 

the integration extending over one cell of reciprocal 
space. 

Application of this theory to determine the de- 


throughout a cell of reciprocal space, and deter- 


sired parameters requires a knowledge of 
mination of the parameters with reasonable accuracy 


requires a numerical integration over several 
thousand points in the cell. A simplification of the 
technique was possible in this case, since we had 
determined experimentally that the diffuse scattering 
was distributed in a spherically symmetric fashion 
about each rec iprocal lattice point, with the inten- 
sity in such “‘shell’’ dropping to zero close 


enough to its reciprocal lattice point so that there 


any 


was no overlapping of contributions from adjacent 
‘‘shells."’ By virtue of this resolution and the sym- 
metry of the reciprocal lattice, not only could the 
integration be limited to the region surrounding the 
(000) reciprocal lattice point, but also by expressing 
the recipre cal lattice vector, (S-—S in spherical 


coordinates and integrating over the angular 
variables, equation (2) could be reduced to a simple, 
one-dimensional integration. 


\fter such manipulation, equation (2) becomes: 


where 


2Ip., (A sin 27Rh 


: dh 
Nmymplfs — fe) 


a’ ni + + 03, 


a radius vector in the crystal lattice; 


h = |b’ V hi +hs+h; 
a radius vector in reciprocal space, where 0’ is the 
length of the reciprocal cell edge and hy, ho, and hy 
are the independent variables, fractions of the recip- 
rocal cell edge, which define the point in reciprocal 
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space under consideration; and where when h = /, 
the intensity has dropped to zero. Further, since 
a(Q) = 1, and since in the angular region concerned 


the atomic scattering factors remain essentially 


constant, this equation becomes finally: 


9 
(4) a(R) = R | [p(h) hsin (22Rh) dh 


0H 
| Tp(h) dh 


where /p is now expressed in arbitrary units. 

Using the intensity distribution from a quenched 
sample, that shown in Figure 3, a numerical inte- 
gration furnished values for a(R), from which the 


probability distribution of Figure 4 was obtained. 


R (A) 
10 20 30 40 
FiGuRE 4. Probability distribution characteristic of AlAg 
quenched from 520°C; Pagag is the probability that one Ag 
atom will be at a distance R from another Ag atom. 


This probability, reer oe that of finding one Ag 
atom on a lattice site a distance R from another 
Ag atom, decreases from the value 1.0 at R = 0, 
reaching a minimum value well below that for a 
R = 20 A, and 
rises again, attaining the average value, p = 0.05, 
at about R = 36 A. While this function has meaning 
only for discrete values of R, those corresponding to 


perfectly random distribution at 


actual interatomic distances, the continuous curve 
is drawn in to make more easily visible the significant 
variation of this function with increasing atomic 
separation. 

The interpretation of this Patterson-like probabil- 
ity function seems straightforward. The free energy 
of this system evidently is lowered when Ag atoms 
atoms. While 


surround themselves with other Ag 


Lot 
\ 
.6F 
4} 
3) 
| 
R= 
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for temperatures above the limiting temperature for 
solid solubility thermal motion tends to overcome 
this 


“ordering,’’ during the quench this clustering 


becomes possible and Ag atoms in regions about 
certain nuclei assemble into more or less spherical 
aggregates.* This clustering takes place so rapidly 


that shell like 


region with less than average Ag content.t If we 


around each cluster there is left a 


consider this phenomenon from a diffusion stand- 
point, with an “uphill” diffusion of atoms in cluster- 
ing as opposed to the normal “downhill’’ diffusion 
which renders a uniform atomic distribution, then 
the energy for “uphill” 


apparently activation 


diffusion is less than that for ‘downhill’ diffusion, 
so that the first varies much less quickly with 
temperature than the second, making possible the 
clustering during the quench. 

Having determined the Patterson-like probability 
distribution function for the quenched sample, one 
would like to determine an average cluster size and 
a measure of the percentage of Ag atoms in the alloy 
which have formed these clusters. This can be done 
by assuming different models for the clusters, 
calculating the probability distributions correspond- 
ing to the different models, and comparing these 
the 


experimentally. For our calculations we considered 


distributions with distribution determined 
a very simple basic model, a homogeneous spherical 
cluster of high Ag content surrounded by a shell-like 
region of low Ag content, with variables of cluster 
composition, cluster size, and percentage of Ag 
Calculations of first 
that the 


tor 


atoms collected in clusters. 


neighbor Ag-Ag bonds showed quickly 
determined — probability first 


obtained by considering clusters whose compositions 


experimentally 

neighbors, Pa could only be 
were practically pure Ag, with the added restriction 
that almost all of the Ag atoms of the alloy be in such 
clusters. The single model which gave the best fit 
between calculated and observed distribution func- 
tions was that of a spherical cluster of Ag atoms of 


one aggregate Cannot be deter 
he diffraction is in 


*The actual shape of any 
mined from the X-ray diffraction data. 
fluenced bv a very large number of aggregates so that what is 
determined is an average shape. Thus if the aggregates actually 
had the shape of very slightly flattened ellipsoids of revolution, 
the short axes occurring with equal probability in 
such as the various (111 then the 
these aggregates would be practically indis 
Large depar 
remarked, 


several 
directions, directions, 
diffraction by 
tinguishable from that by spherical aggregates 
tures from spheroidal shapes could of course be 
unless more orientations became equally probable 

+The attendant diffraction effect must be 
phenomenon which, once seen, becomes obvious. It is the 
combination of regions with greater than average scattering 
factor surrounded by shell like regions with less than average 
scattering factor which produces the shells of scattering pow- 
er in reciprocal space. 


classified as a 


\GI 
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8 A radius, containing 125 Ag atoms, this surrounded 


shell of Al 28 A radius. A 


consideration of the departures of this calculated 


bv a atoms of outer 


distribution function from the experimental distri- 


bution function then described the clusters as 


being of a range of sizes, with over 50 per cent of the 
clusters being the size described above and the rest 
being of somewhat smaller size. The extreme sim- 
plicity of our models forbade any attempt to deter- 
mine a quantitative distribution of cluster sizes. 
A check of this calculation can be made by use 


of the theory of small angle scattering by small 


particles as developed by Guinier [17]. This predicts 


the amplitude of radiation scattered by spherical 


) 
Ti Ri € 


where NV is the number of particles; ” is the number 


particles as: 


= exp ( 


of excess electrons in a particle (excess in the sense 


of the number of electrons above that for a similar 


volume of the homogeneous medium surrounding the 
particle); Ry is the radius of the particle; and e is the 
scattering angle measured in radians. The amplitude 


scattered by a cluster surrounded by a shell, the 


whole being contained in a homogeneous lattice, 


can then be calculated by adding the amplitude 


scattered by the cluster, with a positive excess ol 


electrons, to the amplitude scattered by the shell, 


with its negative excess of electrons, and the scatter- 
ed intensity is then given by the square of the ampli- 
tude. With a cluster of radius 10 


shell of outer radius 30 A, the 


\ surrounded by a 
predicted intensity 
agreed remarkably well with the observed intensity 
for all angles above 26 1.5°, when the curves are 


Che ( 
\o atoms to be 


matched at 26 = alculations of the per- 
found in clusters 

had 
] 


alculation 


centage of total 


then could be made, since the scattered intensit 


been determined in electron units; this « 


again resulted in a value of approximately 50 per 


cent. 
Che 


have thus permitted us to determine that during the 


calculations from these simplified models 


quench more than 50 per cent of the Ag atoms have 


clustered into relatively laren ageregates, the re 


maining Ag atoms probably being found in smaller 
( lusters The average ( luster may be des« ribed as 
having a radius of approximately 8 A and contains 
100 \round this cluster 


there is to be found 


on the order of \o atoms 


a shell-like region low in Ag 


content, of an outer radius of the order of 30 A. 


Outside of this region on the average is found a 


region of homogeneous atomic distribution, but in 


574 


the real crystal randomly distributed Ag atoms are 
few, so that actually beyond any cluster and its 
shell of Al atoms one finds primarily other clusters 
of varying sizes and positions. 

When the alloy is quenched and left at room 
temperature, the clusters formed during the quench 
do not noticeably change in size, owing to the very 
slow rates of diffusion at this temperature. The 
initial size does depend on the speed of quenching, 
slower rates allowing the formation of larger clusters. 
When the quenched alloy is annealed at higher 
temperatures, the decrease in diameter of the shells 
of scattering power in reciprocal space together 
with the increase in their intensities indicates that 
the average size of these clusters is increasing. 
This 


mechanisms—the 


growth is probably accomplished by two 


; absorption by the larger clusters 


of the remaining “‘free’’ Ag atoms brought into their 


regions of influence by thermal diffusion, and also 


bv coalescence of adjacent large clusters, again as a 
result of thermal notions. 
On continued annealing the Ag clusters grow to 


such a size that experimentally only a blur of 


scattering is found around the reciprocal lattice 
points. During 


phenomenon has been observed at large angles by 


Hill 


intensity 


this erowth another diffraction 


Geisler and t] and others. This scattering, 
weaker in than the spherical shells of 
scattering power, has been described as having 


the of a ‘‘doubled cross” on trans- 


appearance 
mission Laue patterns. No detailed investigations of 
the intensity distribution of this scattering has been 
made, so that any interpretation must be qualitative 
in nature. Geisler and Hill have interpreted this 


phenomenon in terms of the formation of 


dimensional” precipitates. This conclusion does not 
seem valid, since the existence of such precipitates 
bands of 
lattice 


intersecting 
OOO 
has not 


would in general create 


scattering through the reciprocal 


ittering which been found. 


point, a SC. 
‘+r the interpretation that during the 


Instead we 


srowth of the clusters of Ag atoms some Al atoms 
have been incorporated into them, and that these 
exist in some crudely ordered arrangement which 
might give rise to the observed scattering. More 
quantitative measurements must be made before 
this or any other interpretation can be considered 
as validated. However, since this scattering is much 
weaker than the ‘spherical shells” of scattering, it 
seems reasonable to consider this as a second order 
effect which may modify slightly the description of 


the growth of the Ag clusters. 
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Examination of the Second Stage of 
Age Hardening 

The first stage of age hardening has been charac- 
terized by the appearance of shells of scattering 
power in reciprocal space, which, on annealing, 
diminish in size and increase in intensity until only 
a blur of scattering is visible. With still further 
annealing a completely different type of scattering 
the 
the 


appearance ol 
of the 
from an 


angles 


through 


is observed at small 


streaks passing trace 
direct beam. One 
annealed polycrystalline foil, is reproduced in Figure 
ld. The length of anneal necessary for the appear- 
with temperature; 


short 


such pattern, made 


ance of these streaks varies 


Table I tabulates some of these values. 


rABLE I 


TIME TO PRODUCE CENTRAL STREAKS AS A 


[TEMPERATURI 


ALING 
FUNCTION OI 


t 


20) not observed after three months 
140 100 hours 
165 22 hours 
255 18 minutes 


300 3 minutes 
342 minute 


105 » seconds 


Two of the dimensions of these streaks were quite 
sharp, apparently depending only on the dimensions 
the X-ray beam. 


single crystal displaying this 


of the crystals and primary 


Examination of a 
scattering showed that the long dimensions of the 
streaks were directed along the four (111 directions 
of the matrix rec iproe al lattice. The total length of 
these rods or streaks in re iproc al space Was found 


to be approximately one tenth the distance in 


recipro¢ al space trom the (O00) to the (111 recipro- 
cal lattice point. Investigation of scattering at large 
that had 


appeared around other reciprocal lattice points. 


angles revealed further diffuse streaks 


These streaks also were directed along matrix (111 

directions in reciprocal space and were not symmet- 
ric about the matrix reciprocal lattice points to 
angle rods of 


which they were joined. These large 


scattering were generally rather long, having a total 


length in reciprocal space of approximately four- 
tenths the distance the (000) to the (111 
reciprocal lattice points. However, certain of these 


from 


rods were much shorter; these, the rods passing 
through the (111)-reciprocal lattice point directed 
towards the origin, had a total length of only one 
(111 


tenth the (000) distance. 


| 
| 
\NNI 


WALKER GUINIER: 


AND 


These large angle diffraction effects are similar 


have been reported by several 


10; 11]. Ziegler 


this phenomenon, shows 


to those which 


investigators |4; 11], in the most 


recent investigation of 


diffuse rods of two types. Those which pass through 
the (111 
towards the origin have a length of roughly one-tenth 


(QOO 


999 


and (222 reciprocal lattice points directed 
(111) distance. All other rods observed 
(111 the (200 


one-half 


the 


such that from the toward 


lengths 


as 


have of roughly this distance. 
These results agree quite well with our own, con 
sidering the differences in annealing history. 

Geisler and Hill have interpreted these diffraction 
effects as showing the existence of small platelets 
ol the hexagonal close pac ked 7’ prec ipitating ph ise, 
Ag»oAl, having large 


planes, ( orresponding 
thin 


of composition dimensions in 
(OOO. | 


planes, but which 


the matrix 


to 


the 
(111 


perpendicular to these planes. A 


in the direction 
full 


this interpretation will not be given here, since this 


are 


ol 


criticism 


has been thoroughly done in two recent’ papers 


(3: 11]. These investigators, Guinier and Ziegler, 


that this by itself is not correct. 


posing the modification that the y’ phase is forming 


have shown pro 


with these platelets exhibiting faults 
n (000.1) planes. With this 


mechanism one can easily obtain qualitative agree- 


as platelets, 
the stacking of the 
with the experimentally observed scattering, 
the 


ment 


the 
accuracy of assumptions as to the distribution of 


quantitative agreement depending on 


faults. 
The origin of these platelets ot the pre ipitating 
y’ phase must lie in the clusters of Ag atoms, for 


all 


stage 


it the Ag atoms have collec ted. 
This be 


nucleation and growth phenomenon, the nucleation 


there that 


1S 


second might well described as a 


taking place in a cluster of favorable size and the 


growth occurring at the expense ol the clusters 
Barrett and Mehl suggest that the motion of half 
dislocations along (111) planes may be pictured as 
one growth mechanism, which would explain the 
existence of the stacking faults. On further annealing 
the platelets become more perfect and STOW larger, 
so that the rods in reciprocal space break up and 
shorten, eventually becoming the reciprocal lattice 
points of the y’ precipitate. One interesting fact 
concerning the first appearance of these platelets 


can be seen in Figure 1d. The streaks corresponding 


to any one of the crystallites appear as double 


streaks, indicating that the formation of these 


platelets takes place more rapidly 
boundaries than in the interior of the crystallite. 


in the grain 
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High Temperature State of the 
Alloy 


In discussing the appearance of the Ag clusters 


in the quenched alloy, we suggested that the clusters 


clustering 


lei 


, using 


form during the quench, this n 


place probably about some nue which eXISI il 


high temperatures. One of us [7 tempera 
roune 


ture photographi te hniques, h id prey ous! 


the temy 


no evidence of such nuclei in perature ran 


felt that 
could he itl 


techniques. A 


rometel 


for solid solubility, but 


mental resolution uined 


countel spectrometer! 


the spect 


was constructed for 


preceding section, and measurements ol] 
two 
Che results 
bt ef] 


the 


angle scattering were made at temper 


within the solid solubility range 
he 


actuall 


mentioned only 


fall 


ie hardening, and 


investigation will 


they do not within 


since 


an article on hey will be more 


completely disc ussed in a forth arti hes« 


illoy 


solid solubilits 


measurements showed that the does not exist 


ina homogeneous state in the 


but instead there is a tendency to form smal] 


these on le SS tha 


| he 


16}, 


ters, tainin 
uning 


probably ( 
recent investi 


be 


atoms results of 


Rudman who has investigati 


phenomenon by a stud 
though his 


iller 


ree with this descripti 


ments indicate an even sn size for the cluster 


hese ¢ lusters serve is the for the formatior 


of the larger clusters during quenching 


-Ray Data with 
Other Properties 


Correlation of X 
Measurements of 


This X-ray 


two distinct 


investigatior is shown the existenc: 


hardening trans 


erowth 


‘Ss 1n 
appe. 
the appe 


Stel 


ol stage 


formation nirst the “ance and erowth ol 


rich clusters, then irance and 


ind Braumani 


the hexagonal precipitat 
LS 


electri 


measurements of hardness, elastic limit, thermo 


likewise indicate the 


i. cold 


hardening 


force, and conductivit\ 


presence ot two stages in this transform ition, 
by i 
measurements 


ind Ziegler 


{ the 


hardening stage followed warm 


ag 
ind those 


re. Both our own X-ray 


of Glocker, Koster, Scherb show 


that the appearance Ol pl itelets o Is 


phase 


of the warm 


cold 


period in which the 


correlated to the 
e. The 


just 


directly ippearance 


hardening st period during which 


hardening exists is the 


However, Kostet1 


\lAg 


Ag by weight Is capable ot a 


clusters are present in the alloy. 


and Braumann show that the alloy with 


38 per cent marked 


i 

with Geiger 

le A 

f 4] 

clus 

this 
) 3 ¢ | 
te 

I Ire 


ACTA 


degree of reversion, (retrogression or ‘Riickbil- 


dung’), and their data indicates that for an alloy 
of 20 
marked, may still be possible. A visual examination 


per cent Ag the phenomenon, though less 


of the small angle scattering pattern of a sample 
which had been given thermal treatment to produce 
reversion did not show any comparable change in 
the scattering. When the alloy was annealed in the 
cold hardening region, the clusters increased in size, 
and when the alloy was heated at the reversion 
200°C, the 
remained the same or increased in size very slightly, 
AlCu, 


evidenced, such treatment produces a dissolution of 


temperature of clusters apparently 


whereas in where a similar phenomenon is 


the Guinier Prestor zones. It is possible that the 
reversion is rather small in this alloy, and that only 
the small fraction of clusters under a critical size 


should dissolve. If such were the case, a visual 


examination of the scattering patterns might not be 
sufficient to reveal this change. Further examination 
with the object of quantitatively measuring the 
intensity distribution after such treatment is now 
moment, though the warm 


in progress. At the 


hardening stage is clearly demonstrated to be the 
result of the formation of the platelets of the 7’ 
the cold 


cannot be 


relation between 


the Ag 


considered as fully determined. 


precipitate, the exact 


hardening stage and clusters 


Summary and Conclusions 


Our investigation has shown that the age harden- 
ing process in AlAg alloys of high percentage Al 
takes plac e in two separate stages. When the alloy 
is quenched from the region of solid solubility, 
during the quench Ag atoms cluster into small 
aggregates Ol approximate spherical shape, these 
100 Ag 
This clustering takes place so rapidly 
that left 


each cluster which is low in Ag content. For the most 


containing the order of atoms for fast 


quenches. 


there is a shell-like region surrounding 


rapid quenches calculations indicate that at least 


50 per cent of the Ag atoms have formed these 


clusters, with the remaining Ag atoms mostly 
dispersed in smaller clusters, so that actually in the 
real lattice outside of any cluster and its associated 
shell of Al atoms are to be found other clusters of 


varying sizes and positions. On annealing, these 
clusters grow in size both by absorption of the Ag 
atoms not contained in the large clusters and by 
coalescence of some of the larger clusters, so that 
as the average size of the clusters increases, the 
number of clusters decreases. At the same time, 


there may also be an introduction of some Al atoms 
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into the clusters, these taking up a roughly ordered 


arrangement. During this first the atoms 


stage 


remain on the lattice sites of the parent matrix. 

With further annealing the alloy exhibits a new 
phase, the formation and growth of platelets of the 
y’ phase, the hexagonal close-packed AgeAl precipi- 
tate, this occurring at the expense of the Ag clusters. 
These platelets exhibit stacking faults along the 
(000.1) planes, so that it is thought that a part of 
the mechanism of formation may be a motion of 
half dislocations along the matrix (111) planes. 
On further annealing, the platelets grow and become 
more perfect. 

Satisfactory correlation of these two stages with 
the two-stage course of the variation of physical 


While the 


appearance of the platelets of the y’ phase has been 


properties has not been accomplished. 


correlated with the warm hardening stage of harden- 
ing, the cold hardening stage has not been simply 
linked to the formation of the Ag clusters, since the 
physical properties exhibit some reversible depen- 
dence on temperature which has not been discerned 
with X-rays. 

The definite existence of two stages in the trans- 
formation in this alloy, with the atoms in the first 
stage remaining on the lattice sites of the parent 
matrix, agrees well with the general interpretation 
of age hardening transformations offered by Guinier 
and cannot be explained on the basis of the simpli- 
fied nucleation and anisotropic growth interpretation 
offered by Geisler. Though these results cannot be 
taken as proof of a generalization concerning all 
alloy systems, at least for this system we believe 
we have demonstrated that an aggregation of solute 
the 
platelet structure which is the beginning of a true 


atoms into zones precedes the formation of 


precipitate. 
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THE DIFFUSIVITY OF CARBON IN IRON BY THE STEADY- 
STATE METHOD* 


carl 


t carbor 


ftusivitv ot 


res of 1000, 851 and 802°C 


\RBONI 
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I | ~ du irbo la l’auste ite et ses Val 


1000. 851 


arique ¢ le! t le I I la istributio 


Si¢ lées 
LOOO™¢ 


DIE DIFFUSIONSFAHIGKEIT VON 


GLEICHGEWICHTSMI 


Diff igkeit 


1000. 


die 


de rer 


\ 


bei 1000°C 


Che diffusivity of carbon in iron, and its variation 
be 


i steady-state 


with carbon content, may determined by a non- 


method Extensive 


steady-state or 
measurements of the diffusivity of carbon in austen- 


ite (face-centered cubic iron) by the former method 
have been reported by Wells and Mehl [2 
Wells, Batz and Mehl 


by 


and by 
The diffusivity determined 


this method depends, particularly near the 


terminal values, on precise measurement of small 
For the 


method, the concentration gradient is more nearly 


composition differences | steady-state 
uniform, hence the latter method is better adapted to 
precise determination of the variation of the diffusiv- 
itv with concentration. This paper deals with the 
of 


a steady-state method involving 


experimental determination of the diffusivity 
carbon in iron by 
the passage of carbon through a cylindrical iron shell. 

By 
define the diffusivity 


to 


Fick's first law [5], which serves merely to 
D, the flux, J, of 


concentration gradient, dC/dx, as 


carbon is 
related the 
follow 3; 

— DdcC 


(1 dx. 
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If the specimen is a flat plate*, the flux at steady - 
state is the same through all planes parallel to the 
that is, J 1 


stance the diffusivity is seen to be inversely propor- 


surlace, s constant; under this circum- 


tional to the slope, dC /dx. 
Experimentally it is simpler to use a hollow cylin- 


der (Figure 1) with radial flux. In this case the flux 


at steady-state is a function of the radial distance r 
but the quantity, g, of carbon passing through any 


entire cylindrical area of length / in a given time ¢ is 


independent of r. The flux, /, through such a cylin- 


drical surface is g/2ar/t, which is the quantity g 


divided by the area and by the time. Substituting 


this value for J into equation (1), it is found that 


(2) D = — = — q/2nlt(dC/d r) 


or for a given cylinder 


(3) D = — K/(dC/d log r 


where K is a constant. The calculation of the 


*\ single determination of the diffusivity of carbon in iron 
by this method has reported by F. Harris, Trans. 
\.1.M.E., 172 (1947) 531. However, in this case only the mean 
carbon of the plate was determined; the surface 
concentrations were assumed to correspond to equilibrium 
conditions. Therefore equation (1) was not directly applicable. 


been 


content 


R. 
FY measurements of the rate at which Hiib= I 
hich were maint ‘ t differs tt 
{ rough the cylinder wall, the dif ) 
ethod a1 agreement with 
non-steady-state method. It is shown that the change in the diffusivity with concentration . =! 
with the relation D D 1+ Cdl only at low carbon content 
LA DIFFUSIVITE DU DI 
nartant dac ssage du carbone a trayers d'une douilk 
( rl riace rat la « lle evli driq e etale 1 mal te 1es i cle \ ile Irs tes Le 
es deter! par cette 1 éthod« d'état permanent s iccordent bie avec cell S qui ¢ t été 
| par d'autres et déterminées par e méthode d'état non-permanent Il est montré qu’ 
| \ I t10 ce la diffusivité Vet ] concentratio est el iccord pour ce faibles eneurs ¢ 
carbon c la relation D Doyl + Cdl dC). 
Dic des Kohlenstoffs im Auster ilt 
wirde i! d 802°C aus Messungen d ch 
eine | enhol vii desse Oberflache iul ve 
hectimmt Die Diffusi sfihiokeite die mit ’ 
stimmen zufriedenstellend mit den Daten antl 
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| 


D 
Cross section of a diffusion cylinder 
0.85 cm. i.d., 1.11 cm. o.d 
pet cent Cu, 
carburizing gas inlet; | 
alundum (RA 98 


FIGURE 1. 
diffusion cylinder, 0.71 or 
press-fitted copper plugs; ( 
cent Ag; D copper tube, 
tube, carburizing gas outlet; F 


solder 


discs 


diffusivity at a given carbon content requires 


equation (2)) a measurement only of the rate 


the cylinder length and the slope of the carbon 
distribution curve (plot of carbon content vs. log 
at the chosen carbon content. 

For the temperature range in which austenite is in 
stable equilibrium with graphite the iron-carbon 
system is well suited for the steady-state method 
since, for a given temperature, nearly any gas which 
will deposit soot on the inside of the iron cylinder 


a carbon content close 


will maintain this surface at 
to its value for equilibrium with graphite [6; 
held 


carbon content by a decarburizing gas such 


while the other surface can easily be 


hydrogen. 


Experimental 


Diffusion Cylinders 
Figure | shows a cross-section diagram of a t\ pical 


diffusion cylinder. The cvlinder A made of either a 


special magnetic grade of ingot iron* or high-purity 


iron* obtained from the National Research Corpor 


*Analysis (ND = not det 


M 


0.00 ND 
ND ND ND 


Mn 1 N 


0.032 0.085 0.007 0.001 


0.005 0.001 0.005 0.001 


OF ( 


[IRON 


\RBON IN 


ation? was about 10.2 


0.71 85 


long, 1.11 cm. o.d. and 
The ends were closed 


0.32 


either cm. i.d 


plugs cm. thick 


with press-fitted copper 


with tapped holes in their centers. Threaded copper 


tubes, 0.12 cm. i.d., were screwed into the copper 


plugs and welded, in a hydrogen atmosphere, with 


an alloy of 85 per cent Cu ind 15 per cent \o lo 
the 


insure proper alignment | the coppel! plugs, 


inside diameter of the iron tube, at the position of the 
plugs, Was increased by ibout 0.003 cm. The car 
linder 


tube | 


( Oppel 
I 


entered the bottom ol he cy 
through tube D and _ ven 


\lundum (RA 98 


tubes served to center the « 


burizing gas 


ted 


throug! 


discs | itt iched to the 


itfusion cylinder 


zircon furnace tube 


lo establish v-state, the diffusior cylinder 


was suspended in a constant temperature turna as 


shown in Figure 2; carburizing Was passed 


through the inside of the cvlinder and decarburizing 


as over its outside surface. The rate of diffusion of 


carbon through the cvlinder wall was determined ; 


indi irbon 


ited in ure ! weighing the « 


CO.) which had passed 


cylinder into the outgoing 


approat hed 
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gas was a hydrogen-methane 
ire containing 10 per cent methane for measure- 
ts at 1000°C 


rements at S51 


ind 50 to 60 per cent methane for 


and 802°C. The rate of flow 


15 cc. per minute for the 0.71 cm. i.d. cylinders 


30 cc. per minute for the 0.85 cm. i.d. cylinders. 


composition of the carburizing gas is not 


however its methane content and rate of 


high enough to maintain a deposit of 
evli 


disintegt ition he 


ide irface and low enough that 


is negligible 


ik hydrogen saturated 


ne le@CarDuriZing 


th water vapor room temperature) entered the 


ice tube through a mercury seal, 


nd Was eithet vented Ol 
by the three-w 

te of flow 
is LOO 1 200 ce 


re spe ti 


ball 


rbon diox de 


pyrex 


9] attached 

piece ol rubber 

lis rubber connection, a number 
stopper in th ich drying tower and the 


system was Ol pyrex or gas- 

nitrogen was introduced into 
n just ahead of the combustion tube; this 
served to flush the train and absorption bottle before 
and after the combustion period and to carry the 


the \fter 


each combustion period the train and weighed ab- 


products of combustion through train. 
sorption bulb were flushed for { hour with purified 
nitrogen. To compensate for the effect of changes of 


room temperature and pressure on the amount of 
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the absorption bottle an_ identical 


absorption bottle, used as a tare, was kept close to 


nitrogen in 


the weighed bottle; each bottle was opened to the air 
The 


hydrogen used for the decarburizing gas was found 


momentarily just prior to weighing. tank 


to contain a small amount of hydrocarbon, which was 
removed by passing the unsaturated gas through a 
tube filled with activated charcoal immersed in a dry- 
ice acetone mixture. With gas thus purified, the 
blank never amounted to more than 0.5 per cent of 
the carbon dioxide weighed in a typical inalvsis. 
the combustion 
and 0.85 


For the diffusion at 1000°¢ 
for the 0.71 


was timed 


period (about 30 and 15 min. 


cm. i.d. cylinders respectively with an 
the amount of 
0.04 


the 


electri steady-state 


stop clo ke. \t 


carbon dioxide weighed was the order of 


rams in each case and fot iven cylinder 


measured over a period of trom 1 to 


reprod ibility, 
3 weeks, was of the order of +1 per cent of the CO 


rate were made 


hot Zone 
the wet 


the 


nd the analytical train flushed for 


dioxide found 


1 
ibpbon 


nitrogen. The 


the increase in weight » carbon dioxide 


irom 


ibsorption bulb was then compared with the 


theoretical amount corresponding to the initial 


weight of CaCO. During the course of the ditfusion 
experiments seven determinations of this type were 
between the CO 


the difference 


found and the theoretical amount was 1.0 per cent, 


made, maximum 


the average being 0.5 per cent Except for one 


determination, the CO, determined by analysis was 


The second method was 
that a 


mm. thick and 


less than the theoretical. 


identical with the first except strip ol car- 
burized electrolytic iron about 0.1 
about 1 gm. in weight was substituted for CaCQs. If 
a strip were maintained fully 


99.9 


the surface of such 


decarburized, the strip would be per cent 


decarburized in 45 minutes. In this case, the initial 


he 
ow must he 
ot n ti 
4) 
passed Ovel the | 
cl ected to the il 
stop co \ (Figur 
tha aad ORG om. Ld. 
weighed. A few measurements of the 
the O lind f+] 
i or each naer W tne yressure Ot the CarbDurizing 
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carbon content of the strip was known from its gain 
in weight on carburization; the loss in carbon on 
decarburization was determined from the loss in 
weight of the sample and also by the gain in weight 
of the Richards bottle; the residual carbon was 
determined by combustion of the decarburized strip 
The results of two measurements by this method are 


summarized in Table I. The loss in carbon to the 


rABLE 


lest OF APPARATUS FOR DETERMINATION OF 
CARBON REMOVED FROM AN [RON-CARBON 


DECARBURIZING GAS 


0.0130 0.0167 


0.0125 0.0165 


decarburizing gas, as determined 
of the sample, is in Food 
determined by combust 

The amount of carbon 


combustion olf the dec: 


slightly lower than that determ 


weight on carburization minus 
ever, the difference is not 
error in the determination 


the combustion method. 


Cy nie D mension 

lo cool the sample to room temperature without 
loss of carbon and with as little distortion as possible, 
it was removed from the furnace and quenched into 
salt bath (eutectic mixture of NaNO» and KNO 
180°C, allowed to cool ‘arly to the solidifi 
temperature of the salt mixture (150°C) and then 
quenched in water. Samples thus cooled were 
slightly too hard to machine well; all samples except 
number 7 were therefore subsequently sealed in 
evacuated pyrex tubes and tempered 20 minutes at 
600°C. The distance between the copper plugs was 
determined as follows: (1) The ends were squared by 
machining and an over-all length measured with a 
micrometer; (2) The thickness of the copper plugs 
was determined by microscopic examination of 
polished sections taken from the ends of the cylin- 
ders. Since the carbon flux at the position of the 


copper plugs will not be normal to the cylinder sur- 


O} 


( 


\R 


lace but 


length, 


than the distance 


SON IN TRON 


will bend 


tOW irds 


to be used in 


equation 


between the 


coppel plugs ind less than tl 


cvlindet 


Krom ste¢ 


two cylinders, made 


ext ept 


ad 


state 


that the length of 


other, the correc tion [tor 


be equ il to one h ilf 


pl 


tine 


W 


the ditfusion 


ned to be equ il to the 


ug 


1 
S pius 


This correct 


he a 


20 


he S lor 


ing element. Tl 


ZONE 


was increased beyond that 


furnace | 


) 


y the circuit 


controls the power to 


eradient 


Irom top 


adjustment of varia 


centel 


500 


ohm 


section may 


resistance 


shown 


to 


be 
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he 
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tine 


inside 


ite me 


hottom 


ends, 


ind the temperature « 


varied 


With 


by adjustment of 


this 


arrangement 
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temperature zone over 4 inches long could be main- 


tained uniform within +0.5°C. The temperature of 


the uniform zone was maintained constant within 


FIGURE 3. 
temper! 


d helical wire 


Electrical circuit for obtaini a lar 


taining 
niform nace heated by 


+1.0°C with a chromel-alumel control couple and a 
The the 


diffusion sample was determined from measurements 


commercial controller. temperature of 


at the outside surface of the zircon furnace tube with 


a platinum-platinum rhodium thermel which was 


calibrated at the melting point ol pure gold and by 


repeated ( omparison W ith a standard couple ( ertified 
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by the Bureau of Standards. Tests with a dummy 
diffusion cylinder that the temperature 


inside the cylinder was at all points within 0.5°C of 


showed 


the temperature of the outside surface of the furnace 


tube. 


Experimental Results 
Carbon Distribution 
The carbon distribution for each cylinder is given 
in Tables II and III. Here the mean radius 7 is the 


radius of the center of each machined layer at room 
is the average 


temperature and weight per cent C 
weight per cent carbon of the laver. The carbon 


content found for the final layer was frequently high, 


probably owing to failure to remove completely the 


soot from the inside surface. Typical graphs of the 
carbon distribution for a 0.71 and a 0.85 cm. 1.d. 
cylinder at 1000°C are shown in Figures 4 and 5. 
he densities used to convert weight per cent carbon 
to grams per cc. at the diffusion temperature were 
calculated from the X-ray measurements of Esser 
and Miiller [11]. By equation (3), these graphs would 
be straight lines if the diffusivity were independent 
of carbon content. The carbon content of the outside 
surface of the cylinders varied between 0.10 and 0.15 
weight per cent; that at the inside surface was close 
to that for equilibrium with graphite [6; 7; 8]. 


PABLE II 


5530 
5428 
5306 
5187 
5060 
1920 
1770 
1625 
1493 


eas 
tow 


1940 


1206 
1079 
3967 
3843 


3691 


1000°C Fo! 


5271 

5156 

5029 
1910 
1793 
1663 


$49] 


NTROLLERS > 
= 
ge zone ol 
winding 
CARBON DISTRIBUTION AT Cy Linpers 1 To 6 
Che iritnl ( Ca : it I on tel perat re il 1 the l eTarte weight per ce t carbo wt % C, for { icl machined 
ive! 
Sample no 
2 3 } 
Wt. Wt. % Wt. % Wt. % Wt._% 
0.5507 0.175 0.5519 0.139 0 0.228 0.5540 0.187 0.5532 0.277 0.5542 0.206 
5392 270 5395 273 294 5433 260 5400 160 5431 112 
5268 390 9271 392 107 5306 395 650 5296 621 
5154 502 5154 503 516 5171 519 82] 5171 SO4 
5044 997 5032 613 633 5041 629 963 5047 948 
7 OS] 1910 713 729 1928 731 1. OS7 1920 1.088 
746 1783 804 834 {SOS R29 1.196 1785 1.209 
1699 844 1656 R94 936 1656 920 1.318 1661 1.319 
1585 916 1531 977 1.109 1524 1.020 | 1.425 1501 1.444 
1488 993 $394 1.051 i | 1.108 $412 1.072 
1348 1. OSO 1275 1.123 1.177 1270 1.162 
$214 1.160 $18] 1.19] 1.254 $135 1.236 
1049 1 244 1059 1.260 315 103 1 1.290 
3886 1.339 3924 1.324 1.378 3924 1.348 
3764 1.395 3777 1.392 7 1.44] 3719 1.463 
3605 1.48] 3647 1.472 
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PABLE III 


CARBON DISTRIBUTION FOR CYLINDERS 11 851 


802°C 


AND 12, AND 


RESPECTIVELY) 


(The arithmetic mean radius, 7, at room temperature and the 


average weight per cent carbon, wt. % C’, for each machined 


layer 


lemperature 


Sample no. 


0.5118 
1999 


0.4686 
1636 
$587 
1539 
1488S 
1412 


{867 
1745 
1618 


1493 


FIGURE 4. A typical carbon distributi 
linder (sample 2) at 1000°C. At a giv 


the diffusivity is inversely proportional 1 


distrib Ition ¢ 


urve. 


For the temperature range 723 to 910° 
be 


the solid 


solution of carbon in iron may either ferrite 


(solid solution of carbon in a-iron) or austenite (solid 
depending upon the 


851°C 


solution of carbon in y-iron 
carbon content of the iron. Cylinder 11 an 
12 (802°C) have an inside shell of austenite and an 
outside shell of ferrite. Since the flux through the 
two shells is identical the position of the boundary 


between the two phases must be such that 


[D(dc/d In r)Jaustenite= [D(dc/d In r)] 

where the diffusivity D and slope dc/d \|nr tor each 
phase corresponds to the carbon content of the phase 
at the boundary. The carbon distribution for the 
these cylinders is given 


austenite portion of in 


Table III. The austenite shell of sample 12 


was less 
than 0.4 mm. thick. The machined lavers were about 
half as thick as those for the other samples and the 


carbon content was determined by the low-pressure 


inside surtace, that determined 
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combustion method [12].* Extrapolation of the car- 
bon distribution curve to the position of the austen- 
of the 
Che 
equilibrium values are reported to be 0.13 and 0.31 
13). 


be due to errors in 


ite-ferrite boundary glves a carbon content 
tor sample 


SO2”( 


austenite of 0.13 per cent ( 


and 0.38 per cent C for sample 12 


in 
the 


per cent respectively Phe discrepa 


the case of sample 12 


may 
measurement of the position of the austenite-ferrite 


boundary.T 


L000 


| he mean ¢ irbon CO! 


Was ce erm ned by inal 
the end 


irom 


content 


known carbor 


] 
reiatuuon 


where 


] 1 
ontent determined method 
Is subject 


determined by 


and i 


that 


» the extent of remoy 


rrol 


| raphi 


integration under extrapolated portions of 


and 


the determinati 


of 0.008 « 


851°C 802° 
1] 12 
Wt. % 
cm. cm 
0.45 0.250 
52 139 
61 643 
68 777 
79 SOH 
S3 | 1.050 
sis O sa ples | 
wut mee also be determined graphically from the 
] ; } +} lee las } 
\lean weight per cent ( 
weight per ce t ¢ ] 
s the wall t kness. The 1 bor 
cum of soot from the 
nvoives 
the radius of the insid 
We are indebted to the Ds 
\\ I ted States Steel ( ‘ 
icCO t tor diftere etwet he ext polated 1 ¢ 
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Figure 6 where 


Batz and Mehl [3] is shown in 


log (D X 107) is plotted vs. weight per cent C. The 


irface may not be precise. However, the results 
lable IV do indicate that the 


agreement between the two sets of measurements 1s 


summarized in 
it the higher carbon contents at 


cevlinders were carburized uniformly from bottom to 


quite good except 


~ 


DIFFUSION CYLINDERS 


tion samples taken [ron 


1000°C. where 


re metnod 


rom nol 
the present 


iture Ol the 
concentration, 


seems desi ible to determine a mea 


one cylinde precision with which this has been accompli 


rbon distri 


measured value 


prior ou . ne vitv of carbon in 
1000 851 o1 0 all he rate m it 802°C. These 
, ‘ r to | iveragt nd 1 xpress the calcu- iffusivities are 1 agreement with the corresponding 
26 X 10-7 calculated from the decar- 

Inington 16 760-87 1°C by the 

17| for diffusion accompanied by phase 

1 per cent per deg ot in agreement with the values 29 & 107 
Batz and Mehl [3] and in no case amounte I f Stanley [18 
786°C) or the values 24 * 1077 and 16 X 1077 calcul- 

19]. However, if Stanley's 


small correctio alues 
m correspond to Pei 
2 This cor 


rree at 1000°C) was determined from the 
16 & 10°77 calculated from the equation oO 


rection (about 


emi per 


data of I 
more than 3.5 of the measured value 

TtThe slopes were read with the aid of a glass rod according ated from the equation of Wert 
to the method described by E. Ramsey Wigan [14]. Except at equation were based on his measurements for the temperature 
the extreme ends of the curve, the reproducibility of reading 


per cent 


range 700 to 786°C the agreement with our estimate would be 


the slope was about +1 much better. 


] +} lor th 
the ¢ I ne ¢ ers a | trom rea ] ¢ ve 
taine plotrt o the mea carbon tent of each mach 
st the square of its 1 in radius 
Graphical 
J 
I 
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2 () SS () S4 
3 Sf QO Sf QO y 
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Q Nf Q OP 
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¢ \ ) A equ ( ina } ( ( 
DpDroxl ness | ad vities ] 
ef ( r ( | e \ le slopeT ol 
riput \ OTTes] na tO I imber 
ol carb conc : e give fable \| SSM the present results from the stead) 
ogetne SIN 1 CO el re somewhat lower nal nose aetel 
ad t | t | \ | 
S ey \ ( : 
the determinations t LOOO™¢ lhe ditftusion coeffi invest ition was to determine the 
ents give or s es 1] d 12 (851 and 802° functional relation of diffusivity to 
re less pi se 1 n those tor 1000°C since ir { ure of 
1 
case measurements were made on only (ees shed. To 
ver = ller 851 and 802°C m be estimated from the data of Table V. the 
thickness of the ferrite she id the as mptions tha tne 
\ compariso! ot these results with thos« Ol Wells, carbon content of the ferrite is zero at the outside surface and 
the value correspo ding to equilibrium with a te te 18: 13 
at the 1 side bo dary Since the CY rbo conte t 1s ilways 
| + 4 1 1 1 1 
if emper! I e S10 n sured eact smallit De ass imed that the distribution curve is linear. 
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rABLE \ 


DATA RELEVANT TO THE CALCUI 


Sample Cylinder 


no material lemp. 


L000 
1000 
1000 
1000 
1000 
1000 

S51 


S02 


LOOO 


do this it is necessary to separate errors 

with absolute rate determination from 

errors, i.e. errors in the ratio of the diffusivit 
concentration to that at another concentration 
only these relative errors, arising in the measure 


hundree 


ments, analyses and graphical treatment of a diffu 
sion cylinder, which give rise to error in this ratio iveragt 
This separation of errors and assignment of absolute express 
and relative precision is a more complex problem _ percenta 
than it first seems. The method used is to revise measurements li » coeffici 
Table VI so that the recorded diffusivity does not 1.8 per cent) reflects the erro1 


reflect individual fluctuations in the determination of | minations and that for D’ (averaging 1.4 per ce 


the absolute rate. This is accomplished by deter- _ reflects the relative errors; this is consistent with the 
per cent which 


mining for each cylinder a factor f such that division variance of Table VI (averaging 2 
(for the same cylinder) by this _ reflects the total error. The 90 per cent confidence 
limit [15] of the final values for D reported in lable 


of each diffusivity 
factor minimizes the departure of the diffusivities for 
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OF THE ABSOLUTE DIFFUS 
Rate cvlinde \\ 
Ingot 6.38 9.27 2.92 0.20 
2 Ingot Iro 6. 6 Q 76 2 50 0.20 
3 Nat. Res. Cory 6.40 9.70 2.42 0.20 
Nat. Res. Corp 6.67 Q 983 Af 0.20 
D5 Ingot Iro 12 62 QR 71) 
6 Ingot Iro 12. 9 9 69 0.12 
11 Ingot Iro 1.79 9.88 0.6 0.1 
12 Ingot Ir na 0 O4 Q 24 () 37 () 
PABLI 
\BS ( 
Sample ? 3 | f 
Cay 
1) () 
0.0 { 2 6 2 64 2 
2 SO 2 73 2 6 2 6 2 8 () 
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3 O35 3.068 2 2 92 2 88 2 Os > 
05 3.40 3.58 3.02 
07 90 Sf 7 63 i is 
OS 5.77 > 69 » » 62 ) 
OO 6.74 6 74 0) 6 6] 
7.64 7.67 7.40 7.66 7.70 7 . 
is perce tage 
rnis rol | Ve ( 
( S, co S¢ \ Ss ne | Jt \ 
sunit \ ral he ng 
es opt ( theretrol \ 
fable VII. The coethci ty 
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convenilel 
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INDIVIDUAL DIFFUSIVITI 4T 1000°C CORRECTED FOR 


Sample no. 


> 
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DETERMINATION OF THE ABSOLUTE RATI 


Coefficient of 
variation 


Cc 


1.000 1.8 


idual diffusivities, D’ * 107 


VI is 0.901 times the coefficient of variation. Using 
this 90 per cent limit, the average pre ision of the 
reported average diffusivities may be written as 
= 1.9 per cent. Che ( orresponding relative precision 
is 1.2 per cent. It will be noted from Table VII that 
the precision drops on only slightly al the high 
carbon limit.’ 

Chere are two fundamental methods of approach- 
ing the problem of determining the functional rela- 
The 


classical method, as shown for example by Darken 


tion between diffusivity and concentration. 


20], leads to the following expression for the case of 


curves and the 


1 method similar 


to 6 by 
al diffusivities of 


age 


he igreement betwee! 


ite satisfactory 


measurements is 


10 


interstitial diffusion as the present case of carbon in 


iron 
(4 D = (1+ Cdliny/dC 


where k is Boltzmann’s constant, 7 the absolute 


temperature and B, C and y are the mobility, con- 
centration and activity coefficient of carbon respec- 
tively. This equation evaluates the diffusivity in 
thermodynamic terms except for B which in general 
is an unknown function of the concentration. The 
Fisher, 


absolute reaction rate theory as shown by 


Hollomon and Turnbull [21] leads, for interstitial 


diffusion, to the relation 


+ Cdiny/dC 


where A is a constant, \ the jump distance and y* is 
the activity coefficient of the activated complex. 
[t will be noted that the two expressions (4) and (5) 


are nearly identical; the only difference lies in the 
coefficient of the terms in parenthesis. This coeff- 
cient involves an unknown variable in both cases. 
The simplest hypothesis concerning this coefficient 


is that it is constant (corresponding to constant 


to y*). In this case, 


Cd y/dC) 


would be constant. This quantity is plotted against 


mobility or constant ratio of 7 
as seen from either equation, D/(1 4 
concentration in Figure 7 (curve B); it is readily 
seen that it is by no means constant.* For comparison 


coefficient of carbon in iron was calculated 
8]. Within the accuracy of 


*The activity 
from the activity data of Smith 


rABLE VII 
l 2 | 5 6 
f 1.020 1.003 986 973 1.016 
Carl 
content 
om /c [di v 
0.01 2.54 2.55 2.53 2.53 2.60 2.52 
Q2 2.73 2 .i2 2.69 2.72 2.80 2.72 1.3 
03 2.99 2.97 2.96 2.96 3.03 2.98 0.9 
O4 3.2) 3.24 3.23 3.34 1.5 
05 3.66 3.42 3.62 3.69 3.67 1.4 
O6 1.24 23 1.25 4.12 1.2 
O7 t 84 1.76 t.66 Lo 
OS 5.66 5.67 5.63 5.59 5.53 5.48 L.s 
09 6.61 6.72 6.59 6.79 6.43 6.61 1.9 
10 7.49 7.65 4.01 7.08 7.58 7.83 2.1 
\veragt | 
ol vot iron were detern ned. Dhese ( li ders were not 
sufficiently gas tight 1 llow a determination of the absolute 5 D — A rN” Y l + Pe Y 
te, however diffusivities for these cylinders may be cal 
that used to calculate the indivi || 
| he results ar below 
20 3 24 3 25 As 
69 3 70 60 68 f 
07 1.97 1.80 84 +. 87 1.4 
8 5.59 5.73 5.57 5.73 5.63 2 
{ 7.88 7.63 7.38 7.69 7.56 2.4 
\Ver 1.4 
the two sects of 
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curve ©); again wide departure from constanc\ 
evidenced in the high concentt 
there is a short range of const 

tion. The only conclusiot1 

present time is that neit 

vested postul ites is in 
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cision limits of the diff 
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A second hypothesis concerning the coefficient 
was made by Birchenall and Mehl [22]; they assume, 


in effect as pointed out by Fisher, Hollomon and 
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simplifies equation (5) to the form 
D = Doy(1 + Cdiny/dC 
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a constant). If this formulation were correct, 
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ratio it will not be constant for conce itrations expr ssed 
other units, however, the deviation will amount to only a few 


per cent which is small compared to the uncertainty in A 171 (1947) 143 


ised 


, 175 (1948) 202 
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A STUDY OF DEFORMED AND RECOVERED ALUMINUM CRYSTALS 
BY A NEW X-RAY TECHNIQUE* 


A. JULIEN{ and B. D. CULLITY}{ 


By the use of a Soller slit in the primary beam and a line source of X-rays, the focusing Laue method 
of Guinier and Tennevin has been extended to allow the detection and measurement of torsional strain 

a crystal lattice. Focused reflections from planes other than.those considered by Guinier and 
Tennevin may also be obtained under these conditions. In deformed single crystals of aluminum, 
torsionally strained regions of the lattice are found to occur quite generally. Deformation is found 
to be highly inhomogeneous when an extended region of a deformed crystal is examined. The reversi- 
bility of plastic deformation is shown. Polygonization of bent specimens is confirmed and it is shown 
that crystals deformed by torsion may recover by partial untwisting rather than by polvgonization. 


\URES D’ALUMINIUM AU MOYEN 


UNE ETUDE DE CRUSTAUX DEFORMES ET RES1 
LICATION DES RAYONS X 


D'UNE NOUVELLE METHODE D’APP 

La méthode de focalisation de Guinier et Tennevin a été étendue par l’emploi d’une fente de Soller 
dans le faisceau primaire et d’une source linéaire de rayons X, pour permettre de détecter et de 
mesurer la déformation de torsion dans un réseau cristallin. Des réflexions focalisées, provenant 
d'autres plans que ceux qui étaient considérés par Guinier et Tennevin, peuvent aussi étre obtenues 
dans ces conditions. Dans des monocristaux déformés d’aluminium on trouve assez généralement 
des régions du réseau déformées par torsion. Quand on examine une grande région d’un cristal déformé, 
il est constaté que la déformation est fortement hétérogéne. La réversibilité de la déformation plastique 
est montrée. La polygonisation des cristaux fléchis est confirmée et il est montré que des cristaux 
déformés par torsion peuvent subir une restauration par détorsion partielle plut6t que par polygonisa- 


tion. 


EINE UNTERSUCHUNG VON VERFORMTEN UND ERHOLTEN ALUMINIUM- 
KRISTALLEN MIT EINER NEUEN RONTGENMETHODE 

Mit Hilfe von Sollerschlitzen im Primarstrahl und einer linearen R6ntgenstrahlquelle war es 
mdéglich, die fokussierende Laue Methode von Guinier und Tennevin so auszuarbeiten, dass Dreh- 
verzerrungen im Kristallgitter aufgefunden und gemessen werden konnten. Ausserdem kénnen unter 
diesen Bedingungen fokussierte Reflexionen von Ebenen, die Guinier und Tennevin nicht in Betracht 
zogen, erhalten werden. Durch Verdrehung verzerrte Gitterbereiche treten recht haufig in verformten 
\luminium Ejinkristallen auf. Bei der Untersuchung grosserer Kristallbereiche erwies sich die Ver- 
formung als sehr inhomogen. Es wird gezeigt, dass die plastische Verformung reversibel ist. Die 
Polygonisation gebogener Proben wird bestatigt, und es wird gezeigt, dass sich die durch Drehung 


verformten Kristalle zu einem Teil durch Zuriickdrehen und nicht durch Polygonisation erholen. 


men instead of far away at the focus point, “‘crvstal 
Introduction images’ can be obtained. In other words, a trans- 


(1; 2] have developed a_ mission Laue pattern is recorded in which the indi- 


Guinier and Tennevin 
variation of the transmission Laue method which vidual Laue spots are slightly distorted projections 


allows them to detect and measure very small  (‘‘images’’) of the crystal, revealing variations in the 


angular disorientations in a diffracting crystal lat- diffracting characteristics of different regions of the 
tice. This technique utilizes the fact that a beam of Cry stal. 

polychromatic X-rays, diverging from a point source, It has been recently shown [3] that both G-T tech- 
is diffracted into a converging beam which comes to niques can be usefully extended by placing a Soller 
a sharp focus at a fixed point, if the diffracting crys-  s/it in the primary beam issuing from a /ine source of 


tal is undistorted. Any distortion of the crystal X-rays. Under these conditions, it is possible (a) to 


broadens the reflection at the focus point and the measure torsion in the crystal lattice as well as 


angular disorientation can be determined from the simple disorientation about one axis, and (b) to 


extent of the broadening. The position of the focus obtain qualitative information regarding the relative 
point is readily calculable, its distance from the _ perfection of different parts of the crystal. This new 
technique is applied in the present investigation to 


crvstal being of the same order of magnitude as the 


distance from the crystal to the X-ray source. a study of the deformation and recovery of aluminum 


Guinier and Tennevin [1] have also pointed out _ single crystals. 
that, by placing the film directly behind the speci- : 
Experimental Methods 

*Received April 23, 1953. 
+Department of Metallurgy, University of Notre Dame, 
Notre Dame, Indiana, U.S.A. Now at National Research — vided by the CA-7 tube in a General Electric XRD-3 


The required fine line source of X-rays was pro- 


Council, Washington, D.C. 
tDepartment of Metallurgy, University of Notre Dame unit. Pinhole photographs of this source showed that 
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its projected width, at a target-to-beam angle of 4° 
was less than 0.1 mm. and its length about 15 mm 
The X-ray tube was positioned by means of a speci- 
ally made collar so that the window opposite the line 
source faced the “‘film side,”’ rather than the spectro- 
meter side, of the XRD-3 unit. 

The experimental arrangement is shown schema- 
tically in Figure 1 in terms of rectangular coordin- 
ates axes X YZ. The line source S is vertical and 


Zz 


FIGURI l. Relative source, specimen 


reflections in a rectangular coordinate system. 


position of 


parallel to the Z axis while the plates of the Soller 
slit A are horizontal. The Soller slit minimizes ver- 
tical divergence and provides a fixed angle of horizon- 
tal divergence, producing a wedge-shaped horizontal 
beam which is reflected by vertical lattice planes in 
the crystal C to a sharp line focus at /, if the crystal is 
perfect. If the crystal is not perfect, but bent or other- 
wise disoriented about an axis parallel to Z, then the 
Laue reflection on a film placed at J will be broadened 
The distances SC and C/I are both of the order of 
30—40 cm. 

Alternatively, the film is placed a few centimeters 
behind the crystal and a ‘“‘crystal image” or “‘large 
beam transmission Laue’’ pattern is recorded. This 
may or may not be of interest in itself, but it always 
indicates immediately whether the specimen is cor- 
rectly oriented for examination by the G-T focusing 
technique by the presence or absence of a diffraction 


spot in the same horizontal plane as the primary 
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beam spot. Figure 2 (« discussed below, is an illus- 


tration of such a pattern 


\s will appear later, it is desirable to have a simple 


tt 


way of designating the diffraction spots on this type 


of pattern. This may be done satisfactorily by noting 
the azimuthal angle 6 of the spots on the film: thus a 


spot, such as B in Figure 1, immediately above the 


primary beam spot, is termed a 0° reflection, while 
one on the equator line of the film is termed a 90° 
reflection. In veneral, the indices of the refle tions 
are of no significance. 

Specimen preparation was guided by considera 


that the specimen should be 1) a single 


handled 


approxi- 


tions 


crystal, (2) as thin as may be convenienth 
deformation, and (3) of an area 


the 


without 


mately equal to the cross-section of wedge- 
shaped beam at a convenient distance, i.e , 30—40 cm. 
from the source. This area is of the order of 1—2 cm?. 
Some specimens were prepared by the strain-anneal 
method, but it was found that specimens of the 
desired size and shape could be more satisfactorily 
prepared by growth from the liquid state. The analy- 
sis supplied with the stock indicated that the material 
99.9953 cent Al (by Melting 


probably reduces this purity. 


was per difference 


The apparatus used in the deformation experi- 
| | 


ments consisted of a bending machine and a torsion 


machine. The bending machine provided for four- 


point loading of the plate-shaped sper imen in order 
to produce pure bending in the portion of the crystal 


between the two inside knife edges, which were one 


inch apart. These knife edges could be advanced by 


a micrometer screw, the two outside 


being fixed. The torsion machine was designed to 


produce torsion about the 


longitudinal axis of a 
plate about x 0.040 


crvstal measuring 


inches. The specimen, with its longitudinal axis vet 


tical, is slipped into a slit in the base of the device 


| 


and a corresponding slit in a rotatable arm suspended 


at its center from the top of the machine. The action 


of a screw bearing against one end of this arm applies 


Both the bending and tor 


designed 


torque to the spec imen 


sion machines were so that diffraction 


patterns could be made with the specimen under 
stress. 

The annealing experiments were performed in a 
tubular resistance furnace, 13 in. in diameter and 
3 in. long, the specimen resting in a small refractory 
cradle. A temperature difference of about 20° C was 
found to exist between the bottom and top of the 
specimen and the temperatures given below were 
obtained by adding 10° C to the temperature indi- 


cated by a thermocouple in contact with the bottom 
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of the specimen. The furnace was positioned horizon- 
tally, with the median ray of the primary beam pass- 
Ing along its AXIS. Vic a cover sheets were hung loosel\ 
over the open end the furnace: they did not 
noticeably increase X-ray exposure time. With this 
simple furnace, it was possible to heat a specimen to 
its melting point in a few minutes with a power input 


of only about 300 watts. 


Experimental Results 

General 
As previously shown [3], the use of a Soller slit in 
the primary beam froma line source adds informative 


detail to all reflections, whatever their azimuthal 


angle 6, including the 90° reflections studied by 
Guinier and Tennevin. If the crystal is undistorted, 
the focused 0 reflection consists of a set of parallel 


horizontal lines or striations and, as the angular 
position of the reflection inc reases, the lines become 
more and more inclined to the horizontal and more 
closely spaced until they merge, at 6 = 90°, into a 
vertical line. Distortion of the cry stal causes 


all but 


and or 


single 
the originally straight and parallel lines in 
90S 
blurred in a manner dependent on the nature and 


reflections to become curved, broken 


degree of the deformation. The focused 90° reflection 


from a distorted crystal is merely broadened if the 


has been bent but contains fine parallel 


striations if the crystal has been twisted about a 


crystal 


vertical axis. The greater the torsion the greater the 
inclination of these striations to the vertical and the 
amount of twist per unit length along the torsion axis 
can be calculated from this measured angle. 


It was found that focused 90° reflections from 


aluminum crystals deformed by bending or twisting 


or in some random, accidental manner quite com- 


monly showed evidence of twisted regions in the 
lattice. These reflections often contained complex 
multiple sets of striations curving in different direc- 
tions, indicating that different parts of the crystal 
were non-uniformly twisted by varying amounts. 
However, neither the size nor the location of a 
twisted region is indicated by the striations in a 90° 
reflection recorded at the calculated focusing posi- 
tion: to obtain such information it is necessary to 


record reflections at a_ series of specimen-film 
distances. An example of this procedure is given in 
Figure 2, obtained from a crystal accidentally and 
non-homogenously deformed by a small amount. 
Figure 2(a) is a 90° reflection recorded on a film 
42 cm. from the specimen. Striations indicating 
torsion appear prominently but are misleading as to 


the size of the twisted region, as shown by the other 
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photographs of the series. Figure 2(b) is the same 
90° reflection recorded at a specimen-film distance of 
12 cm. Here very fine, closely spaced striations can 
be seen (on the original photograph, at least only 
in the lower center of the reflection and these may be 
traced back to the small dark pip (marked with an 
the 90 


recorded at 6 cm. from the specimen. 


arrow at the lower edge ol reflection in 
Figure 
This latter photograph is here termed a “‘large-beam 
transmission Laue’ photograph and shows several 
Laue spots: the one vertically above the intense spot 
formed by the primary beam is a 0° reflection and 
shows that the twisted region is located at the left 
edge of the specimen. It was concluded from these 
photographs and others not reproduced that the 
specimen contained a small twisted region located 
at its lower left-hand corner. This conclusion was 
confirmed by blo¢ king off all the specimen, about 
| em. square and 0.5 mm. thick, except for a region 
about 1 mm. square at the lower left corner and ob- 
taining a 90° reflection at 18 cm. which contained 
striations just as prominent and extensive as those 
in Figure 2(a 


Results of Controlled Deformation 

\ few strip specimens, with a gage length of about 
2.5 cm., were investigated after tensile deformation. 
The 90° 


enlarged in both dimensions with increasing exten- 


reflections from such specimens became 


sion. These reflections were badly blurred and stria- 
tions due to torsion were either absent or barely, 
visible. The tensile experiments were abandoned as 
apparatus for inducing small, controlled amounts of 
pure tensile strain was not available. 

With deformation by bending, it is much easier to 
produce small strains in small thin specimens of the 
type suitable for the X-ray te hniques employed 
here. Thus, a specimen 1 mm. thick bent to a radius 
of 30 cm. undergoes a maximum tensile elongation of 
only 0.16 per cent. 

The specimens used for the bending experiments 
had the form of a thin rectangular plate and were 
mounted approximately normal to the primary X-ray 
beam, with their long edges horizontal, and bent 
about a vertical axis. In this position, the 90° reflec- 
tions are produced by a plane parallel to the bending 
axis and approximately normal to the crystal surface, 
here called the transverse plane. If the crystal and 
bending machine are rotated 90° around the primary 
beam axis, then the bending axis becomes horizontal 
and 90° reflections can be obtained from a plane, here 
called the longitudinal plane, which is perpendicular 
to the bending axis and approximately normal to the 


crystal surface. 
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It was found that 90° reflections from the trans- 
verse plane of bent aluminum specimens broaden as 
exper ted, but do not generally show torsional stri- 
ations. The broadening should be calculable from 
the radius of curvature of the specimen and the X- 
ray geometry, and a general equation is developed 
in the Appendix for this purpose. Experiments on 
elastically bent quartz crystal plates showed good 
agreement between the observed broadening of the 
reflection and that calculated from equation (3) of 
the Appendix, but such agreement was seldom ob- 


Chis 


non- 


tained for plastically bent aluminum crystals. 
elementary comparison simply illustrates the 
uniformity of plastic deformation. 

Reflections from the longitudinal planes of bent 


aluminum crystals always show broadening, but 


usually to a lesser extent than those from a trans- 
verse plane. These reflections very frequently con- 
tain torsional striations and Figure 3 is a typical 
example. In this reflection the combination of tor 
sional striations with intense vertical lines (the latter 
indicating the presence ol relatively pertect crvstal 
blocks) suggests a possible function of the twisted 
portion of the lattice, namely the joining together: 
of more or less perfect crystalline fragments pro 
duced by the deformation. This is shown by the fact 
that the striations curve steeply at one end into 


\ctually 


of striations in this reflection, curving into several 


an 
intense vertical line. there are several sets 
vertical lines, although only the lower set marked bi 
an arrow shows clearly. 

The reflection in Figure 3 was studied by means of 
multi-position photographs analagous to those shown 


in Figure 2. This series definitely established the 
existence of distinct fragments in this specimen and 
appeared to confirm the role played by the twisted 
portion of the lattice. In some specimens deformed 
by controlled bending this ‘‘fragmentation’’ was 
observed with little or no evidence of twisted lattice 
regions being present. 

Evidence was found for the reversibility of plastic 
deformation as manifested in X-ray photographs ol 
the type employed here. This is demonstrated for 
torsional deformation in Figures !—-6. Torsion is a 
preferable mode of deformation for studying reversi- 
bility because the reverse stress could be applied 
without demounting the specimen. 
crystal 


the 


was made with unstressed 


the 


Figure 4 an 


mounted in torsion machine. Because 


respective Bragg angles were quite small, it was 
possible to record on one film both a 90° reflection 
and a reflection appearing in approximately the 10° 


position, with both reflections approximately in 


Chey 
that t 


the 90 


indi ited b 


ne ¢ 


focus. are irrows in | 


both show il contained isu 


ryst 


as prep ired, refle tion by the SDI 


or more lines, ind { reflec tion b 


ripple indicated by the arrow 

Che specimen Was then twisted 
ments and its deformation studied 
pictures of the type ol | 
condition after 
0.1 twist 
12 It 3 


though the spec imen has « learl 


twisting 
radian, or a 


minutes/mm s int to note that 


lragmented 
not done SO along the lines ol the pre-¢ x1Stin 
structure clis« losed in Torsional stri 


Figure 4 


faintly visible in the 


\t 


counterclockwise 


are tion 


this point the specimen was 1 


round the beam axIs 


into the 


LO 


more strongly reflecting plane O0) 


DOSITIOI 


which of course brought the reflection into the 


Q position Che YU) ction ol this new 


showing both fragmentation and twisting, 


in Figure 6 


The specimen was then reverse twisted and 


reflections, instead of becoming more complex, be 


urn the configurat t those 


dct 


reverst 


irom 


original undetorm« st 6 shoy 


90° reflecti 


ys 
\\ 


m aiter had red 


it toa minimum width, 


sponding 0) reflection Both show 


has returned to a fat 

ilthoug! there 

which 

stressing 
Reversibilit) h ilso. beet 


is 


demonst1 


In some 1 deform 


bending deformation 


iscs, 


broadened reflect 


bending, to return t 


that shown in Figur 


tect o 


he annealing experiments were carried out 


furnace described earlier, which served the veri 


} 


Le 


useful purpose of allowin 


ind 


photog iphs to 


made before, during itter heat ne wW thout 


Errors due to 


handling of the specimen 


deformation or changes orientation 


avoided 


Figures 7(a show cused 90 


insverse p ben 


he reflec 


from the tri ne Ol a specimen 


25 cm. radius. tion was recorded at 


in 


room temperature before heating (some ext 


reflections from the mica cover sheet 


this 


elevated tempera 


Lp] Car in 


picture) and (0), (c), and (d) at 
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tures. The exposure time, except for (d), was about 
5 minutes for each. 
the bent, 


unannealed specimen shows fragmentation as well as 


The reflection in Figure 7(a) from 
bending. After the room temperature photograph 
was made, the specimen was heated to 530°C in 
10 minutes. X-ray examination during heating from 
180° to 530°C revealed no sign of polygonization. 
X-ra\ 


per min 


Simultaneous examination and heating (at 


about 2°C were continued and between 
590° and 600°C the first clear evidence of poly goniza- 
7(b). At 
Figure 7(c 

610°C 


exposure time, 45 minutes. To equal- 


tion was recorded, as shown in Figure 
610°C polygonization is quite distinct 

Another photograph was made at with 
a much longer 
ize the X-ray exposure with those of the previous 
photographs, the X-ray tube current was reduced to 
is the result. 


1 low value. Figure 7 (d ( omparison 


of this reflection with that in Figure 7(c) reveals a 
slight general blurring of the focused lines, indicating 
that the lattice sub-structure units (“‘polygons”’ 
have undergone a slow change in orientation during 
the 45 minute exposure. 

\nnealing experiments were also carried out on 
twisted specimens. The 90° reflection from the trans- 
verse plane of a twisted specimen before heating 
appears in Figure S(a This specimen was then 
570°C 
X-ra\ 


Was dete ted until the range 


heated to about two-hour 


No 


560-570° was 


slowly over a 


period with continuous examination. 


change 


reached: then a slight change in the tilt of the stria- 


tions and a slight decrease in the spacing of the two 
principal fragment-reflections were observed. This 
change continued, 


with a decrease in the total width 


of the reflection, with further rise in temperature, as 
640°C. The 
nclination of the measurable striations to the verti- 


llustrated by Figure 8(b) made at 


cal has decreased by about 13°, which corresponds to 
| 


The 


region of the lattice has thus far undergone recovery 


in untwisting of about 6 min/mm. twisted 


by untwisting rather than by polygonization. Eleva- 
tion of the temperature was continued with a view 
toward act elerating the recovery but melting of the 
edges of the spec imen began before another photo- 
graph could be taken. 
\ttempts were made to determine whether or not 
ipid heating would poly gonize a twisted lattice. A 
specimen was heated to 640°C in about 9 minutes 
definite evidence of 


without any polygonization 


} 


appearing. The changes in the general configuration 


of the 90° reflection were about the same as those 


resulting from slow heating. 
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Discussion 
Relative to the general role of torsion in plastic 
deformation, the above results lead quite naturally 
to the following question. Does the occurrence of 
torsion depend only on the nature of the applied 
stresses, i.e. torsion, tension or bending, indepen- 
dently of slip on particular crystallographic planes, 
or must it of necessity occur in order to accommodate, 
so to speak, crystallographic slip, whatever the 
nature of the applied stress? This question cannot be 
definitely answered here since the effect of crystal 
orientation relative to the applied stress was scarcely 

touched on in this investigation. 
However, it seems certain in view of the variabil- 
torsion of the lattice is 


itv of its occurrence, that 


partly dependent on the orientation of the slip 
systems relative to the applied forces; on the other 
the 
applied forces directly in that it was observed in 


but 


hand, it appears to be somewhat related to 


every twisted specimen not in every bent 


a tace-centered cubic metal, there are 
that 
not at all incompatible. Studies 


specimen. In 


so many slip systems available these two 
relationships are 
with hexagonal close-packed metals might be more 
suitable for defining the role of torsion. 

In this connection it is interesting to note that 
Heidenreich and Shockley [4] 


involves not only translation but also relative rota- 


conclude that slip 


tion of the crystal fragments on opposite sides of the 
slip plane about the normal to that plane. Wilman 
5] has also observed rotational slip. 

In the present work, evidence was obtained (by 
diffraction from the transverse planes of a twisted 


specimen) of untwisting during annealing, which 


suggests a relaxation of forces which have been hold- 
ing a portion of the lattice in a state of elastic 
torsional strain. It may well be that slip is not a 
simple translation process but that it consists of 
(i) translation, (ii) rotation, as suggested by Heiden- 


reich and Shockley, and (iii) elastic torsion of the 
crystal lattice between active slip planes due to 
unequal rotation of its ends. 

The precise condition of the lattice between active 
slip planes is, however, far from clear. Hsu [6] has 


used the same X-ray method as the writers in exam- 


ining reflections from the longitudinal plane (the 


plane parallel to the axis of applied torsion) of 
His 


untwisting during annealing. 


twisted specimens. observations reveal no 
Perhaps this longi- 
tudinal plane is crossed by so many closely spaced 
active slip planes that the resultant strain, in the 


gross sense, is best described as plastic torsion, which 
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is not relieved by the small readjustments occurring but it could equally well be caused by ber 
during annealing. fragments. 


If a twisted specimen deformed by slip, only on \s regards polygonization, Cahn [9] has adv 


widely separated planes, with the material in be- the view that the subgrains or “polygons” grow 


tween still in torsion, the torsional striations would the expense of one another during 
appear broken. The curious reflection shown in such growth occurs it must be exceedingly slov 
Figure 9 appears to be of this kind. It is would be evidenced, in a focused 90° reflection. by 
reflection, i.e. only 15° away from the G-T orienta increase in intensity of some lines and a decre: 
tion, from a bent sheet of mica. The clarity of the intensity of others but no change in the posit 
striations here is largely due to the fact that the mica the lines. Some lines would completely disappear as 
was very much thinner than the aluminum speci- the subgrains producing them were consumed. On 
mens. This reflection shows that the lattice is the contrary, the onl etiect tound here. on 
practically untwisted in the lower region butthat for 45 min. at 50°C. below the melting point 
torsional strain increases toward the upper region — slight blurring of the lines indicating sma 
until finally “‘slip’’ takes place. » subgrains. 

Slightly deformed and unannealed aluminum incidental observation made 


crystals were observed to consist of fragments but the torsional striations is believed 


one cannot immediately conclude that deformation phenomenon reported by Calnan 
caused fragmentation. If the undeformed crystal that the asterism in back-reflection | 
was “perfect’’, then deformation did indeed cause sometimes has a varying direction for \ 
fragmentation; but if the undeformed crystal con gions of the specimen. This was observed 
sisted of fragments all having essentially the same _ ina specimen whose 90° reflections showed lt 
orientation, then deformation has merely disoriented complex sets of torsional striations. A back-reflecti 
these previously existing fragments. No Laue method | survey was also carried out on a specimen shoy 
of X-ray examination, including the technique used only a set ions, and the asterism hac 
here, can distinguish between these two pr yssibilities. constant connguration 

The fragmentation observed here is relativel: [his observation emphasizes 
coarse in that the whole crystal is divided into a _ is indicated in a general w 
rather small number of fragments. On the otherhand, _ viz., that the deformatior 
various investigators have concluded that cold ‘ry inhomogeneous and that observ 
worked aluminum contains subgrains or ‘‘domains’’ given small region thereof cannot be 
about 1 or 2 microns in size. This small scale frag representative th pecimen. It 
mentation might be called ‘‘micro-fragmentation’’ the discrepancies 1 he conclusions 
to distinguish it from the ‘‘macro-fragmentation’’ Laue asterism which 
observed by the present writers in slightly deformed 2; 13] can be largel 
aluminum. that most investigator 

Che observation of the reversibility of the macro- 
fragmentation aspect of deformation appears to mentioning here is 
clarify a peculiar phenomenon described first many specimens in the ] 
years ago. Thus, Czochralski [7] in 1925 noted that used by 
reverse deformation decreased the tendency of a specimens to 
single crystal of aluminum to recrystallize. Interest- much smaller than tha 
ingly enough, his mode of deformation was torsion. — radii of less than 1 cm 
Later Beck [8] found the same result with bending, 


but also noticed that the hardness continued to Summary 


increase with reverse bending. It thus appears that Phe utility of the Guinier-Tennevin focusing | 
the tendency to recrystallize is related to the rota- technique may be substantially extended by emplo 
tion with respect to one another of macro-fragments — ing a Soller slit in the primary | lal 
while strain hardening is related to something else, of X-rays. Under these condit 

perhaps micro-fragmentation. The blurred portion detect and measure torsional strain in a crystal 
of the reflection in Figure 6(c) remaining after lattice. It is also possible to obtain focused reflections 


reversal could be attributed to micro-fragmentation, from other planes of the cryst 
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ting directly above or below the primary beam. 


employment of an unfocused large-beam Laue 


in conjunction with focused reflections is 


und to be very useful in studying the state of the 
tice of a deformed single crystal. 
Examination of aluminum specimens by these 
methods reveals that deformation is usually very 
inhomogeneous. One or more regions of twisted 
lattice are often found. 

Both plastic bending and plastic torsion are found 
to be reversible. 

Deformation often appears to be accompanied by 
ol 


believed to occur on scales of quite different orders 


a fragmentation the lattice. Fragmentation is 
of magnitude. 

Annealing ol bent lattices is found to produce 
polygonization. Annealing of twisted lattices pro- 


duces a partial untwisting of the lattice. 
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APPENDIX 


The effect of circular bending of a thin crystal 


1 focused Laue reflection is illustrated in 


he 


pl ite on 


10 following treatment involves the 


Figure 


10 Diffraction geometry 


FIGURI 


assumption of the identity of an are with its chord 
and thus is valid only for small curvatures. 

Consider two rays, the reference ray A OF and the 
general ray SP which make angles 6; and 42, respec- 


tively, with the diffracting lattice planes which they 
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strike. The general ray diverges from the reference 
ray by an angle e. 

= 


a+ 


where a the angle between the normal to the 


crystal at point O and the reference ray SO; ¢@ = angle 
between the normal to the lattice planes and the 


crvstal surface. 


— 


where w = angle of disorientation between the 
respective lattice planes struck by the rays SO and 
SP. (It is important to observe a sign convention 


throughout. Thus, 


Solv ing the triangle OT P with the aid of the above 


relations, we find 


The triangle ORT may then be solved, giving the 


general equation 


9 


OS sin e cos (a + 2¢ 


Sill — @) COS (@ + € 


D’ is the distance along the diffracted reference 
ray at which it is intersected by the diffracted general 
rav PT. If the crystal is unbent, then w 0 and the 
point of intersection is at J, where 
OS cos (a 26 + € 


OT = D’ 


COS € 


which is the equation given by Guinier and Tennevin 
[1]. 

Similarly, D’ may be derived for the general ray 
SK, but its value will be slightly different (as sug- 
gested by the drawing) meaning that, although there 
be 
fracted beam from a bent crystal, this minimum will 


may a position of minimum width for the dif- 


never be small enough to be equivalent to the focus 
I 


this minimum will never be at the point J. 


(obtained at when the crystal is unbent.* Ob- 
viously, 
lf bending is convex with respect to the source, the 
position of minimum width will lie inside of J. 

If the bending is sufficient to make w = e, D’ will 
be at infinity, i.e. the diffracted reference ray and 
general ray will be parallel. w can equal ¢ only for one 
general ray at a time with circular bending, however. 

If the bending is sufficient to make w greater than 


*Even in the unbent crystal the rays will never exactly 
focus, owing to the fact that OJ isa function of e. except in the 
special case where ¢ is zero. The resulting aberration, however, 
is exceedingly small when e is small. 


vr 

of a bent crystal 


Jl 


LIEN anp 


e, the diffracted rays diverge and D’ 
the intersection lies behind the 
In many cases, one 


is negative 
cry stal. 
is interested in the | 


roadening 
of the reflection at the point J 


, that is, the broaden 
ing observed on a film placed at the calculated focus- 
W is the half- 
point J, then 


W = (OT — OF) tan; 


ing point for an unbent crystal. If 
width of the beam at the 


If € and w are assumed to be small, this relat 
be written. 


OS cos (a + 26) sin 
3) W =- 
COs (a + 
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STUDY OF THE ORIGIN OF THE CUBE TEXTURE* 
A. MERLINI and P. A. BECK? 


the orie! ted nut leation and oriented growth theories rt annealing textures, a 

ritical experiment was carried out by determining quantitatively the deformation texture and the 

nealing texture of cross-rolled copper. Even though the cross-rolling texture includes more material 

the cube orientation than the straight-rolling texture does, the cross-rolled sheet does not develop 

the cube texture on annealing. This observation contradicts the prediction of the oriented nucleatio1 

theory. Tl ight main components of the annealing texture in cross-rolled copper may be derived 
from tl I components of the cross-rolling texture by 30° rotations around [111]! axes 

he expectations of the oriented growth theorv. 


NE ETUDE DE L’ORIGINE DE LA TEXTURE Cl BIOUE 
ifier les théories sur la vermination el la croissance orientées de s textures de re 
sté fai déterminant les textures de déformation et de recuit du cuivre 
* que la texture du laminage croisé comporte approximativement 
re a l’orientation du cube, que la texture du laminage simple, les 
laminage croisé ne développent pas de texture cubique au recuit. Cette observatio 
prédi tions de la théorie de germination orientée. Les huit composantes prim ipale s cle 
recult, da s du ( livre soumMIsS au laminage ( roisé, peuvel I étre dérivées des ce Ix Com 
cipales de la texture du laminage croisé par des rotations de 30° autour des axes [11] 


les prévisions de la théorie de croissance oriel 


UNTERSUCHUNG DES URSPRUNGS DER WURFELTEXTI 


tierten Keimbildu gu d des orientierte Kristallwachst ims Z 

im quantitativ die Verformungs- und die Gliihtextur von que 
Obwohl die Textur des quergte walzte Materials Kristalle mit 

zwar mehr als die Textur des grad gewalzt Materials 
beim Gliihe n kei irfelt tur aus Di Jeobac htur stent 

der Theorie der rientierten Keimbildung. Die acht Haupt 

ilzten Kupfers kénnen von den zwei Hauptkomponent 

111] Achsen abgeleitet werd Dies ist im Einklang 


richtete Kristallwachst 


; bands, representing the four matrix orientations are 
Introduction smaller, i.e. if the iverage thic kness of the rolled 
he occurrence of the cube texture is particularly grains is smaller. Decreasing penultimate grain size 
suitable for testing the two contending theories of | and increasing rolling reduction both increase that 
innealing textures, since it has been given unambigu- fraction of the annealing period during which the 
ous interpretation from both points of view. Accord- above condition is satisfied. Consequently, on the 
ing to the oriented growth theory [1; 2] the forma- basis of the oriented growth theory, the percentage 
tion of the cube texture on annealing of rolled face- of cube texture for a given annealing time and tem- 
entered cubi metals is a consequence ol the perature may be exper ted to increase with decreas- 
tation relationship between this texture and the ing penultimate grain size and with increasing rolling 


omponents of the rolling texture [3]. The reduction. All these conclusions are in agreement with 
ins’’ are unique, in that they alone are experience It has been pointed out [3] that factors 


oriented for nearly maximum boundary promoting grain growth (e.g. increasing annealing 

with respect to all four (123 121 type time and temperature tend to increase the percen 

ng texture components [3; 4]. The theory pos- tage of cube texture formed, in accordance with the 
ilates that the growth of the cube grains is favored _ oriented erowth theory. On the other hand, factors 
over the growth of grains in other orientations only — inhibiting grain growth (e.g. etching the rolled strip 
ifter the new grains have grown large enough to be to very small thickness [11] and certain alloy addi- 
contact with matrix material in more than one, tions forming dispersed particles) tend to suppress 
and preferably in all four matrix orientations. It is the formation of the cube texture, again in accor- 
clear that this critical size is smaller and, therefore, dance with the oriented growth theory. Further- 
that it is attained earlier in the annealing process if more, the well-known conspicuous sharpness of the 
the structural units, such as grains and deformation cube texture may be readily interpreted, since 


se ; selective growth of those grains may be expected to 
*Received April 9, 1953 
tDepartment of Mining and Metallurgical Engineering, ; ; 
University of Illinois, Urbana, Illinois, U.S.A respect to all four matrix texture components and 


be favored, which are oriented symmetrically with 
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have high boundary mobility in contact with 
them. 

On the other hand, from the point of view of 
oriented nucleation [17], the reported occurrence 
in straight-rolled copper and in certain other face- 
centered cubic metals of a minor texture component 
of cube orientation is considered decisive for the 
formation of the cube texture on annealing [5; 6; 7] 
In the oriented nucleation theory of annealing tex- 
tures proposed by Burgers [8] and by Decker and 
Harker [9], the matrix grains with cube orientation 
are supposed to be first in attaining the strain-free 
condition on annealing and in acquiring the capacity 
to serve as recrystallization nuclei. Burgers, Liu, and 
Tiedema [10] considered this interpretation con 
firmed by their finding that, of three orientations 
investigated, an Al crystal of cube orientation was 
first to polygonize on annealing at 625°C after 10 
per cent extension. However, no interpretation has 
as vet been given in terms of the oriented nucleation 
theory of the effects on the formation of the cube 
texture of any of the various factors discussed above, 
namely: annealing time and temperature, penultim 
ate erain size, rolling reduction, and et hing to small 
thickness. 

A critical test suitable to decide between the two 
theories could be performed by annealing Cu with a 
deformation texture consisting of main components 
different from those in straight rolled Cu, but still 


including measurable amounts of material in the 


cube orientation. In such a case, the oriented 
nucleation theory predicts the formation of the cube 
texture on annealing, provided that the main detor- 
mation texture components are not identical with, 
or twin-related to the cube texture; it is now gener- 
ally accepted that, with these two matrix orienta- 
tions, the cube grains would be unfavorably oriented 
for growth [8]. On the other hand, the oriented 
growth theory predicts a completely different anneal 
ing texture, whose components are characterized by 
the most favorable orientation for erowth at 1e 
expense of the various components of the particular 
deformation texture considered. 

[12] found that the texture of cross- 


Ni-Fe 


symmetrical components of the type 


Wassermann 
two 


consists ot 
110) [223] and 
Martin, 


pole figure for cross- 


rolled face-centered cubi 


of a cube texture component. Brick, ind 
Angier [13], published a (111 
rolled copper, which they interpreted in terms of 
two (110) [223] components and of twin orienta- 
tions. In view of their results, the cube texture, if 
present in cross-rolled copper, is likely to represent a 


minor component. At any rate, although somewhat 
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uncertain, the results described indicate the possibil- 


ity that cross-rolled copper May be suitable for the 
above desc ribed critical experiment For this re ison 
in investigation was undertaken to redetermine both 
ind the 


ins of the 


he ( ross-rolling texture ( orresponding 


annealing texture by me more qual 


methods now ay ul ible 


Experimental Procedure 


imeter round elect: 


For the present work, 1)” di 


lytic tough pit h copper" rod was used, which was 


rolled 


iccording 


alternately ind annealed to the ‘ni mate 


condition following schedule 
1) rolling from 14” dia. t ” thick, 29.3 | 

R.A.; annealing 20 

O84" 1 56” thick, 
20 min. at 350°C 


thr kk 


total 


ind cross-r 


] 
Cross-Troll 


360° 


was reversed end to e1 


betwe en 


specimel! Was I 


between four th 


pass, 


was tollowed during 


cedure 


0.128” thickness. Two reverse 


i passes vere 


it each one ot the tollown nd 90 


were interposed between each y successive stage 
trom 0.128" to 0.108 trom 0.108" to 0.082 
from 0.082” to 0.070 


0.050 


trom 0.070” to 0.050 


é) trom to nad trom 0.033 


0.017”. From 0.017” to 0.010 


SSeS 


rolled in many small pa 


rotations between passes. Tot 


in cross rolling Q6O.5 pet 


were 
\ 


cent nitric acid solutior 


0.010" thick 


cross-rolled and annealed shx 


] 
Keep 


thickness of the sper mel 


the 


possible during ete hine th 


mately 0.002” thick specimen W is obtained 


center of each sheet. This specimen was used for the 


X -diffraction ind in 

For the peripherial portion of the (111 
| 

ingles of YO” to 40 


work, both in  transmissio1 


reflection 


ind (200) pole figures, at tilting 


O.00L5°, Sb 0.000! 0.0001 


0.00001 


~ 0.04%. Fe 
iil. Ni 0.0005 B 


titative 

trom 0.425 0 O.300 } 
ot 46 per cent \ neg 

Final ine procedure 8) 
Dass third ourth pass, ¢ 
and fifth pass, etc. This pr 
reduction from 0.300" 1 

minatiol or the o text re rie ~{~ Olle 

material Was annealed rs sec 
I tnis Tinie » ent | 
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ing temperature for 96.5 


time 5 mil 1 salt bath 


with respect to the rolling plane, the Decker, Asp, 
ind Harker [14 
data were obtained at 5° 
Near 

) 


measurements were made at 2 


transmission method was used, and 


tangential and 5° radial 


intervals. maxima, and at other interesting 


locations, intervals. 


( orrections were made act ording to the Decker-Asp- 
Harker formula for absorption and for variation in 
the central 


effective diffracting path length. For 


portion of the (111) and (200 pole figures, at tilting 


ingles of 0° to 50° from the center, reflection data 


were obtained by the Schulz method [15] at intervals 
corresponding to those in the transmission work. By 
using a main slit 0.020” wide, and no receiving slit 
in front of the G.M. counter of the General Electric 
XRD-3 Spectrometer, the effect of defocusing on the 


X-ra\ 


order to eliminate this effect even more quantitative- 


measured intensity was minimized [16]. In 
ly, in the course of the present work a random sample 
was prepared from PbS powder, and empirical cor- 
rection factors were determined for various tilting 
ingles This correction was used for the pole figures 
of the annealing texture, but not for those of the 
deformation texture. The specimen holders for both 
transmission and reflection were constructed so as to 
allow “‘integration’’ or scanning the specimen sur- 
face. This feature is quite necessary for obtaining 
reliable results in studying annealing textures. 

Both methods, when properly used, with all cor- 
rections, give relative intensity data to an estimated 
accuracy of about +5 per cent. The importance of 
accurate specimen alignment in the Schulz reflection 
method was recently discussed in a paper [16], which 
also vives a brief description of a test for the accur- 
acy of specimen alignment. In the present work, a 
complete alignment procedure was developed, in- 
cluding the alignment of both the specimen and the 
main slit with respect to the axis of rotation of the 
inner ring of the specimen holder. This, and also an 
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alignment procedure for the transmission specimen 
holder, will be described elsewhere. 

The arbitrary units, in which the transmission and 
reflection intensity data are obtained are, in general, 
not related to each other. A factor expressing the 
ratio of the two units has to be established empiri- 
cally from overlapping data which are determined by 
both methods. The degree of constancy of this factor 
for the whole area of overlap gives an indication of 
the general reliability of the data. By means of the 
average value of the factor, the data from the two 
determinations may be fitted together into a single 
pole figure. Considering the uncertainties involved in 
this operation, the a curacy of relative intensities in 
the pole figure as a whole is estimated to about +10 


per cent. 


Experimental Results 
Cross-Rolling Texture 

Figure 2 shows the (111) pole figure and Figure 3 

the (200) pole figure obtained in the present work for 


cross-rolled copper. It is seen that the two main 


texture components may be described approximately 


as (110) [223] type, in accordance with the findings 


pole figure for cross-rolled Cu. Inte nsities 
in arbitrary units. Specimen 0.002 in. thick, from center 
portion of 0.020 in. thick sheet. Open triangles show (111 
pole s of one of the two main texture components, correspond- 
ing approximately to (110 Half-filled triangles denote 
111) poles of a twin orientation derived from a main texture 
component by rotation around a [111] axis in the rolling plane. 
Filled triangles locate (111) poles of a twin orientation 
derived by rotation around a [111] axis near center. Triangles 
with dot designate (111) poles for minor texture components 
derived from cube orientation by [100 


FiGureE 2. (111 


223 


rotations 


g 
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of the previous investigators. There appears a small 


deviation from this ideal orientation, shown for 
instance by the angle between the (200 poles of the 
two components in the rolling plane. This angle was 
found to be 86.5°, instead of 90°, as expected for the 
ideal orientations. A corresponding deviation of about 
1° is present in the (111) pole figure. These observa- 
tions indicate that the cross-rolling operation was not 
perfectly symmetrical with respect to the two rolling 
directions. The close agreement ol the deviations, as 
seen in the (200) and (111) pole figures, shows the 


accuracy with which it was possible in the present 
work to locate intensity maxima. 

It is particularly interesting to study the minor 
texture components, which are important for the 
which were 


for Ni-Fe 


and by Brick and co-workers [13] for Cu. Of the four 


purposes of the present work, and 


reported differently by Wassermann [12] 


twin orientations corresponding to each main com- 
(111 
axes lying in the plane ol rolling and two by rotation 
l11) axes. An orientation each 
halt-filled 


svmbols 


ponent two are obtained by rotation around 


around the other 


of the and ol the 


kind svmbols 


(filled 


figures (Figures 2 and 3 


>> 


200) pole figure for cross-rolled C 

Same Figure 2 
squares show (200) poles of one of the two ma 
ponents, corresponding approximately to (110 
filled squares denote (200) poles of a twin orientation derived 
from a main texture by rotation around a [LI] 
axis in the rolling plane. Filled squares locate (200 
twin orientation derived by rotation around a [11] 
center. with dot designate 200 poles for mi 
texture Components derived from cube orientation by 


first 
is shown in the pole 


second kind 


It is clear that at least one 


FIGURE 3 
in arbitrary units, specimen as in 
textul 


9 


component 
pole sola 


iXIS Neal 


Squares 


rotations. 


601 


11] 200 pol for each orientation of 


the first type falls into a low intensity are 


\Ithough the case 


pole and one 
In the 


pole figure. of twin orientations 


of the second kind is less obvious, it may be observed 


tl 


that the peripherial maxima and the ¢ 


200 


intensity distribution of the minor textures ; 


these orient 


the 


accounted Lor by 


200 


not satisfactorily 


tions. The presence of sharp maxima in 


four rolling directions is stronel 


presence of the cube texture. This simpk 


tation of the peripherial maxima is, howeve 


| pole di 


sufficient to describe the central 


tion, which forms a roughly ring shaped broad ridge 
surrounding the center a distance of about 22 


Close study of radial and concentric circular secti 


prepared for the (200 pole figure show 


minor textures may be accounted for b’ 


from the cube orientation, corresponding 


ill directions in the rolling plane, 


rolling directions. As 


two principal 


described as il ial 


rotations around 


but predominantly around the 


seen in the (200 pole figure, these 


spreads, which mav be 
| 


hber textures,’’ account reasonably well not only for 
200) distribution. but also for the radial 


extensions of the peripherial (200 


Figure 2 


the central 
maxima in the 


shows hat these 


11] 


four rolling directions 


orientations are in accord with the pole dis 


tribution as well 


issermann 


1 that \W 
texture ol 


Che conclusion be dra 


interpretation of the cross-rolling 
ipproximately applicable to cross-rolled copper, 


texture 
Th il 


cube ren 


the minor 


components centel 


th il 


some materia 


the cube texture. 


exactly In the tation 
200) maximum 

considerabk 200 
200 
200) maxima 45 


the 


absence of a 
gested by the pole den 
th il 


associated with the peripherial 


quite 


location. The cet poles 


away from the rolling directions. This is show 
11] 


towards the four rolling dire¢ 


from the cet 


That 


low pole concentration at 55 


some 


deformed material is actually aligned in the 


arly in Fig 
11] 


method, LO! 


orientation is shown even more cle 


the corrected 


which represents 


measured by the reflection 


angle of 55°, as a function of the azimuthal angle. 


Che data 
ground intensity of 20 cps 
11] 


correspond the 


corrected for the measured back 


\-A 


would 


were 
Che horizontal line 
reflection intensity 


200 


represents the 


theoretically reflection 


intensity of 38 cps. (corrected for background 


measured in the direction to the rolling plane normal. 


It is seen that only the peaks near the azimuthal 


- 
= 


602 ACT 


angles of (see Figure +), which 


correspond to the cube orientation, can accommo- 


date the required intensities. It is, of course, clear 


that these peaks are larger than would be expected 
200 
also represent additional orientations for which the 
(200 


rolling plane normal. 


from the central intensity alone; they must 


poles do not coincide with the pole of the 


muthal angle; 


igure correspo! 
pole higure 11 


Straight-Rolling 


In view of the occurrence of the two minor 


‘partial fiber textures” in cross-rolled Cu, it Was 


decided to reexamine the minor cube texture com- 


ponent whose presence in_ straight-rolled face- 


centered cubic metals was reported by various 


investigators [5; 6; 7]. Straight-rolled Cu with 92.5 


per cent reduction of area was prepared from the 


same rod that was used for cross-rolling. As seen in 
Figure 8, the (200) maximum in the rolling direction 
is much more intense than that in the 
the (200 


expected for the cube texture at the rolling plane 


transverse 


direction. Figure 9 shows that maximum 


normal is missing altogether. This fact is further 
corroborated by Figure 10 which also indicates low 
(200) intensities near the normal direction. These 
findings suggest that the minor texture component 
in straight-rolled Cu, interpreted by previous inves- 
LOO OO1 |, 

100] fiber texture with the fiber axis 
include the cube orientation; the presence of small 
(200 (19 


second, corrected for background) in the direction of 


tigators as may be instead roughly 


described as a 


in the rolling direction fiber texture does 


but measurable intensities counts per 


the rolling plane normal (N.D. in Figures 9 and 10) 
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suggests that there is in fact a small amount of 


material in the (100) [001] orientation. It appears 
very likely that the minor “‘partial fiber texture” 
components found in cross-rolled Cu are related in 
their origin to the minor fiber texture component of 
the straight-rolling texture. As judged from the (200 
intensities in the center of the respectiy e pole figures, 
the fraction of material having the cube orientation 
was approximately twice as large in the cross-rolled 


as in the straight-rolled one. 


Annealing Texture 

\s seen in Figures 5 and 6, the eight main com- 
ponents of the annealing texture correspond quite 
well to the ideal orientations derived from the two 
30° 


axes 


main deformation texture components’ by 


111 
ght components may be 
the (519 
type, and they are consistent with the (111 


rotations in either direction around all 


near the center. These ei 


described by “ideal orientations’ of 
4,11, 1] 
pole figure published by Brick, Martin, and Angier 
13] for recrystallized cross-rolled Cu. The lack of 
resolution inherent in the photographic method pre- 
the 


orientations involved. With the present more quan- 


vented those investigators from identifying 


tor cross-rolled and annealed 
isities in arbitrary units. Specimen similar to that in 

from same sheet, after annealing in salt bath for 
5 min. at 290°C. Half-tilled triangles and triangles with circles 
give (111) pceles of two recrystallization texture components 
of (510) [4, 11, 1] type corresponding to 30° rotations in 
opposite directions around the same [111 the 
main cross-rolling texture components. The triangles with 
dots and with crosses represent a similar pair of (510) [4, 11, 1 
orientations corresponding to rotations around another [111 
axis of the same matrix component. 


Figure 5. (111) pole figure 
Inte 
) 


‘igure 2, 


axis of one of 
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titative methods, the sharpness of the individual 
texture components turns out to be rather remark- 
able, considering the complexity of the texture as a 
whole. Even maxima only about 12° from each other 
are clearly separated, as seen at the pairs ol peaks 
located about 30° above and below the center of the 


(200) pole figure (Figure 6). The corresponding pairs 


rolled and 


Same 


FIGURE 6. (200 figure cross 
Cu. Intensities i 
Figure 5. The square symbols repress 100) poles 
same recrystallization components to 


corresponding triangular symbols refer i 


pol 


Inits specie 


arbitrary 


texture 


re 


right and left of the center are not well separated, 
however, since their angular distance is apparenth 
smaller. This slight deviation from svmmetry in the 
annealing texture corresponds to that noted above 
for the rolling texture, and it may be considered as 
an indirect result of some asymmetry in the rolling 
operation. In addition, there are several instances | 

both annealing pole figures of slight irregularities, 
which in some cases amount to the splitting up of 
maxima into several individual peaks, somewhat lik 
outstretched fingers of a hand. This apparent fine 


but at the present time it 


structure may be real, 
remains unexplained. 


While the 


cube texture component of the deformation texture 


results clearly demonstrate that the 
has not grown to develop the cube texture on anneal- 
ing, it is interesting to observe in Figure 6 that one 
of the two minor “‘partial fiber texture’? components 
observed in the deformation texture in the proximity 
of 
annealing for 5 min. at 290°C. 


unabsorbed on 


The 


the cube orientation remained 


asymmetry 
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apparent from the fact that the other “‘partial fiber 
100] 


a result 


texture’ (with the vertical rolling direction as 


fiber axis) was not retained, may be again 
of the slight 


annealing textures referred to before. Some measure- 


asvmmetry of the deformation and 


ments were made with a specimen annealed for 15 
min. at 460°C, and with one annealed for 15 min. at 


960"( The only significant change noted in com- 


parison with the 290°C annealed specimen was a 


decrease in the relative intensities assoc iated with the 


retained “‘partial fiber texture’? component near the 


cube orientation (Figure 7). It is quite apparent that 


increasing annealing temperature, 


with 
ponent is being progressive lv absorbed by 
unnealing texture componer 

Discussion 


that in cross-rolled ( 


the 


ull ible in 


lar to the rolling 
The maximum appear! 
} 


is much larger than the 


= | 
i 
= 
Nay, 
~ 
| 
\ 
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nuclei (approximately twice as much as in straight- 


rolled copper), yet no cube texture forms on an- 


nealing, is in disagreement with the prediction of the 
oriented nucleation theory. Furthermore, since the 
is in orientations other 


the 


bulk of the matrix material 
LOO OO1|, or 


absence of the cube texture after annealing can not 


than those twin-related to it, 


be explained on the assumption, suggested by 


Burgers [17], that the orientation dependence of 


200) planes parallel 
their tilting angle 
to the (200 


ibe texture 


N.D 


boundary mobility is effective in preventing the 


formation of the cube texture only when the matrix 
is verv near to those two t1 pes of orientations. On 


the other hand, the absence of the cube texture in 


the annealed material readily follows if it is accepted, 
in accordance with the oriented growth theorv, that 


boundary mobility is orientation dependent 


eTaln 


over the whole orientation range, and that annealing 


textures correspond to orientations with maximum 


reflected by (200 
, as a function of their tilting angle 
to rolling The cube texture would 
maxima at both the normal direction (N.D.) and the 
rse directio! ..D.) which are not observed in this 


of the pole ngure. 
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boundary mobility. As pointed out in the Introduc- 
tion, the cube texture, on this theory, grows only ina 
matrix with principal components of the (123) [121] 
type, and there is no reason to expect it to form in a 
matrix of other orientation. On the basis of the 
oriented erowth theory, one would expect the for- 
mation of an annealing texture so oriented with 
respect to the texture components of the matrix as to 
possess maximum boundary mobility. It is known 
from several previous investigations [18; 19; 20; 21] 
that for copper this orientation relationship corre- 
sponds to a 30° rotation around a (111) axis. The 
results of the present work show that each compon- 
ent of the major annealing texture has the (519) 


(4, 11, 


required orientation relationship with one of the 


|] tvpe of orientation, and that it is in just the 


main matrix texture components. 


It is interesting that not all possible orientations 
do occur. 


the (111 


axes near the rolling plane normal. The analoguous 


so related to the matrix texture actually 
Reorientation takes place only around 
lack of completeness in certain other annealing tex- 
tures has been emphasized particularly by Burke 
[22], who considered it as a disproof of the oriented 


Burke, 


would require reorientations around all (111 


growth theory. According to this theory 


axes 


of the matrix, all of which were considered by him 


equivalent. It has been pointed out [2], however, 


that not all 111 
from the point of view of crystal growth if the matrix 


axes are necessarily equivalent 


is not an ideal single crvstal. This is, of course, 


particularly true if the matrix texture includes more 


* 


than one major component, as in the present case. 


In this connection, it is an important question 
whether it is possible to account for the absence of 


the ‘‘missing orientations,’’ which are related to the 


in point is the retainment of the 111] fiber 

of face-centered cubic metals, which was 
the oriented growth theory. asa 
to rotation around 
of such reorienta- 
has been 


in terms of 

orientation corresponding 

xis The actual occurrence 

extruded Al rod with a [111] fiber 

tly reported by Gow and Cahn [24]. It is clear that even 
ideal [111] fiber texture corresponds not to one but to an 
i and that the fiber axis 
is unique among the [111] directions, in that it is the only one 
to all these orientations. The eq tivalence of the fiber 
111 dire¢ tions, as post late d by Burke, iS, ot 
new grains growing 
surrounded by a 
compone nts, and in cold 
growing in a matrix having 2 


texture 


infinite number of crystal orientations, 


commot 
axis with other 
irse, out of the question. Similarly, the 


annealing in straight-rolled copper are 


matrix comprising 
rolled cartridge brass I V are 
major texture components. In each of these cases the com- 
plexity of the matrix texture is such as to destroy the ‘‘sym- 
of the various (111) directions with 
regard to the matrix as a whole. Consequently, there is no 
to expect that all orientations derived from a matrix 
t by a 30° rotation around any [111] axis<« orrespond 


r texture 


metry” or ‘‘equivalence”’ 
reason 
compo 
to equally high boundary mobility. 


NO " 
FIGURE 9. X-ray intensity reflected by 
to the transverse directio asal ction ¢ 
maximum in the rolling direction (R.D.), the === 
texture on anneal 
| 
| 
| 
| 
vith re 
require 
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matrix texture components by 30° rotations around 
(111) axes parallel to the rolling plane. For each 
main annealing texture component of the type (519 


[4, 11, 1], derived by [111] rotation from one of the 


main deformation texture components, the orienta- 
tion relationship with the other main texture com- 
ponent of the matrix corresponds to a rotation of 49° 
11] 


(Figure 11), as determined by a simple construction 


around an axis 16° away from a direction 


in the stereographic projection. For each one of the 


“‘missing’’ annealing texture components, the corre- 


sponding orientation relationship may be expressed 


as a rotation of 35° around an axis 33.5° away from 


the nearest (111) direction. No relative boundary 


FIGURE 11. One of the eight (519) [4, 11, 1] a1 
ture components ol cross-rolled ideal 
indicated by circles with dots, connected by continu 
derived from one of the two (110) [223 
components (ideal (111) poles shown 
nected by dashed lines) by 30° rotation around common (111 
pole (large double circle with dot [he same annealing texture 
component is related to the other (110) [223] rolli 
component ideal 11] poles indicated by filled circles, co 
nected by dash-dot lines) by a 49° rotation 
large double circle) 16° away from nearest [111 


coppe! 


cross-rolling te 


as empty circles, co 


texture 


mobility data are at present available for these 


orientation relationships. Nevertheless, it may be 
significant that the ‘‘missing orientations’ are ver) 


the second matrix texture component, and 


far removed from having a rotational relation- 
ship with 
that the 


occurring are much closer to such a relationship. The 


annealing texture components actually 


absence of annealing texture components derived 


from one matrix texture component by rotation 


around (111) axes parallel to the rolling plane may 
be rationalized on the basis of the presumably lower 
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mobility of grain boundaries separating this orienta 


tion from that of the second matrix texture com 


ponent, as compared with the corresponding boun 


dary mobility for a (519) [4, 11, 1] type ientation 


This assumption is amenable to direct experimental 


verification, and it has the adv intage of avoid ng ad 


hoc hypotheses regarding tavored nue leus orien i- 


tions, whi h can not be tested experiment lly. but 


which would be necessary in any attempt 


alternative interpretation in 
Careful 


dat i tor the cross-rolling texture o1ves no indi 


terms 


nucleation. examination of the 


ition 
of the presence ol minor texture « omponents corre 
sponding to the annealing texture. There appears to 


be no experimental fact suggesting an expla 


lALLOI 


of the observed annealing texture, or of the * 


missing 


orientations” in terms of oriented nucleation 


Conclusions 


l. T he texture Ol cross rolled Cu consists ot two 


major components of the (110) [223] type and of 


minor component, which includes the cube orient 


tion and orientation spré ids “partial fiber textures’ 


derived from the attel mainly by rot 


itions ol 
22 rolling directions 


approximatel around the 


2. The 


sists of eight main components of the (519) [4, 


annealing texture ot cross-rolled ( 


related to the Cross rolling textu 
round (111 


men examined 


type, 
ponents by 30° rot 
rolling plane normal. In tl 


Was also minor texture component corresponding 


to a retained portion of the minor component of the 
ret 


de reased iN) 


ined compone nt 


cross-rolling texture 


gressively ntensit' with 
unnealing temperature 
3. The 


cross-rolled Cu dec ly 
tl 


observed reorient 


conti 


nucleation theory, while it is 
excellent agreement with 


oriented 
the oriented growth theor 
of annealing textures 

Che 
rolled Cu, 
tion by previous authors, ca 


with 


minor texture component in SUI oht 


which has been assigned the cube orient 


n be -tter described 


a [100] fiber texture, the rolling direction as the 


fiber axis 
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LETTERS TO THE EDITOR 


On a Statement by C. S. Smith Concerning an 
Upper Limit to the Sharing of Corners in 
Aggregates* 


Calculations have been made of the interface 


area, edge length, and number of vertices (corners 


In an aggregate consisting of a large number of 
crystals which have grown from nuclei distributed 
at random in space [1]. For the case that all crvstals 
have started to grow simultaneously and isotropi- 
all interfaces thus being plane—one of the 
that the 
times the number of crystals. This is in 
S. Smith [2 


cally 


results was number of corners is 247? 


= 6.77 


contradiction to a statement by ( 


that this ratio can never exceed 6, at least in 


aggregates where in each corner four crystals are 
meeting, which is also the case in the random 


iggregate. Now, independently of the calculations 


CA 


in I], it can be seen that the ratio can indeed be 
One from the 
in Fig. 19 of [2]. 


coalescing two adjacent crystals having a 


increased over 6. starts stack 


truncated octahedra shown 
square 


common interface (and smoothing out the ridge 


due to the 4 cancelled edges) one gets an aggregate 


which has 4 corners less for the loss of only one 


crvstal. Thus the initial ratio of 6 can be exceeded. 
the had 
discuss this matter with Professor Smith, who told 


Recently writer the opportunity to 


him that he had already submitted a paper to this 


journal [3], in which his general statement in [2 
] | 


was retracted, but for stacks of 


Both 


he maintained it 


convex) polyhedrons with plane faces. the 
procedure sketched above and that indicated by 
Professor Teller [3] give rise to curved interfaces. 


As in 


faces are plane, the writer tried to show that this 


the random aggregate mentioned all inter- 
circumstance does not exclude the possibility of 
ratios > 6. This was done by a modification of the 
One 


body-centered 


coalescing process sketched. starts from 


nuclei lying on a cubic lattice. 


Simultaneous and isotropic growth would vield 
the stack of truncated octrahedra mentioned above. 
But now we single out a row of 4 successive nuclei 
[100] direction: the 


replaced by one nucleus halfway between them and 


in a two middle ones are 


the two outer ones are shifted slightly towards 
each other. (This double shift is necessary to avoid 
five-crystal corners.) We let the crystals grow and 


again obtain an aggregate with 4 corners (and | 


*Received June 8, 1953. 


crystal) less than the original regular stack. as 
detailed Inspec tion shows. 

Professor Smith informed the writer that he is in 
accord with this reasoning: the statement i 
concerning the maximal ratio ot corners and poly- 
hedra is thus retracted also for (convex) plane- 
faced polyhedra. 

he writer’s thanks are due to Professor C. S. 
Smith for sending a copy of his submitted pape 


and verifving the procedure sketi hed above 
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Relation between Plastic Strain and Increase 
of Electrical Resistivity of Metals’ 


Mole 


ncrease Ol 


\arious experiments, « those of 
\arts have 
resistance on plastic deformati rf 


| his 


explained by 


shown the 
pure 


low temperatures rease ot resist 


usually formation 


‘rstitial 


such as vacanci 
Seitz 


defects, 
dislocations cl 
discussed in this Journal 


formation of lattice 


these defects on some 


plastic deformation. It was assumed 


vacancies and interstitial atoms are fo 


wake ol 10gs present in the expanding 


emitted in the very first 


rings 
Frank-Read sources. The jogs originat 


dislocation rings cross. the 


expanding 


present, randomly distributed dislocations 


this theory, the number of jogs formed 


basis of 


should be proportional to the area covered by the 


expanding rings, thus to the strain. The number of 


interstitials 


vacancies and *ases 
that 
the 


the third power Ol 


rate. Assuming in expanding ring ret 


original shape, amount of defects will 


proportional te some ave! 
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distance travelled by the rings in the case of 


circular rings to the third power of the radius 
Thus the density 7, of vacancies should depend on 


the strain € as 


the same being true [ol 


the density ; of inter- 


stitial atoms. 


By the same argument it can be shown that the 


total length /q of dislocation in the metal should 


e approximately proportionally to e 


increas 
In order to avoid the difficulty that by this 


mechanism the vacancies or interstitials should be 


formed in rows next to each other, it is assumed 


that the space distribution of random dislocations 


is continuously varying, probably under the 
influence of the moving dislocation rings. 

\s Mathiessen’s rule should be valid in the case 
itions, the extra resistivity on 


of slight deform 


plastic deformation can be expressed in the form: 


2 Ap 1 Ap }] Ap Apa, 


where Ap,, Ap and Ap stand for the increase of 


caused respectivels by 1 vacancy, an 


resistivity 
interstitial atom and a dislocation of unit length. 
is concluded that the following 


the 


From the above it 


formula should ipply for the dependence ol 


resistivity on the strain 

Ap Be 

\. Manintveld [4] on 
; 1 
in wires of pure copper, silver and gold, annealed 


550? ( ind 


Recent experiments by J. 


13 hour at stressed at liquid-air 
lemonstrate 


the 


temperature, very clearly the 


tence, tor ill three metals, of a relation of 


form: 

Ap p Al 
where Al// stands for the elongation of the wire. 
The proportionality constant is of order unity for 
ill three metals. The results of the measurements 
ire reproduced in the accompanying figure. The 
1greement between the measured data and formula 


1) is almost pertect for elongations between 2 and 


11 per cent. Below 2 per cent elongation a small 
deviation from the 3/2-power relation seems to be 
present, in the sense that the exponent seems to 
become somewhat smaller. No accurate determina- 
tion is possible however. 

According to the arguments presented above, 
this experimental result could be explained by 
assuming that practically all the extra resistivity 
and interstitial atoms. 


is caused by vacancies 


3/2-power relation at 


Calculations by the author [3] have shown that in 


indeed a constant of 


that case proportionality 


order unity can be expected. The influence of the 
disiocations formed at small deformation levels on 
the resistivity seems thus to be negligible. This 
conclusion had already become more or less evident 
from the results of the calculations recently made 
by Dexter [5]. According to that author, to explain 
the observed increase of resistivity after straining a 
metal for a few per cent, the density of dislocations 


about 10'* cm 


formed should be Chis appears to 


be, on comparison with other estimates, an 


excessively high dislocation density for a slightly 


strained metal. The small deviation from the simple 
3 very slight extensions mav 
be attributed to the different mechanism of defor- 
occurs at this stage [3], viz. the 


mation which 


ormation of new dislocation rings by Frank-Read 
sources as apposed to the expansion of the rings 
al higher deformations. \ more detailed analvsis 


shows that then a relation of the form 


Ap~e« 


the actual more exactly. 


jogs on the resistivity should 


should describe 


Also the effect of the 


pre CeSS 


be taken into account, it should be relatively 
greatest in the first stage ol deformation. 

A remark may yet be made in connection with 
the conclusion that dislocations do not appreciably 
influence the resistivity. Annealing at a tempera- 
ture of several hundred degrees Centigrade of a 
metal deformed at low temperature brings about a 
nearly complete recovery of the extra resistivity, 
together with an appreciable mechanical softening. 
About half of the extra resistivity already dis- 
lower temperatures, 


appears by annealing at 


where no mechanical takes place [6]. 
The high temperature recovery might be associated 
with the 


dislocations in the crystal. It must be borne in 


rec¢ very 


less complete annihilation of 


more or 


mind, however, that as the dislocations themselves 
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should have no great effect on the resistivity, it is 
probably the simultaneous disappearance of th« 
vacancies and interstitials adsorbed on the dis- 
locations (incipient vacancies [2]) that causes the 
resistance decrease. The room temperature recov- 
ery step should then correspond, as has been 
Manintveld, to the 
interstitials to the 
Their effect on the should 


disappear wholly however, but only for 


suggested by diffusion of 
dislocations 
then 


about 


vacancies or 
resistance not 
50 per cent. 

It is a pleasure to express my sincere thanks to 
Mr. Manintveld for kindly allowing me to make 
use of his yet unpublished experimental data. 


H. G. vAN BUEREN 
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Eindhoven, Netherlands 
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The High Temperature Hexagonal Phase of 
Cobalt* 


The two experiments reported in the letter by 
Newkirk and Geisler {1] are interesting because of 
the failure to observe any change in the lattice 
above 1100°C. There are, however, several instances 
of differences between these results and previously 
published results, which make necessary a review 
of this work. Three high temperature 
X-ray diffraction observations 
although Meyer’s work [2] extended no higher than 
1100°C. Marick investigated cobalt wire up to 
1187°C [3] and Goldschmidt has made a single 
observation at 1200°C reported by Metcalfe [4] 
At first sight it appears as if Marick’s results are in 
agreement with the observations by Newkirk and 


sets of 


may be cited, 


Geisler, but further analysis of the data shows a 
striking disagreement (figure 1). Without entering 
any discussion of the cause of this variation (see 
[4]), it is that the final 
Newkirk and Geisler may not be true 
circumstances. 

Troiano and Tokich [5] concluded that the lower 


evident conclusion of 


under all 


*Received June 8, 1953. 
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transiormation was grain-size dependent, and 
that the appearance of hexagonal cobalt on cooling 
large grain size 
Herein lies one difficulty of the X-ray 
the Debve-Scherret 


The grain size of the cobalt used in the dilatometri 


was dependent on a sufficiently 
diffractior 
method using type camera 
would 


LOO 


experiments was about | mm., whereas it 


be reasonable to assume a grain size about | 


of this value to obtain smooth diffraction lines 


Thermodynamic equilibrium can be approached 


more closely with the specimen of larger grait 


size 
Another consideration is the mode of trans 
the 


effects. It 


formation between two torms of cobalt 6 
This 
broadening of 
packed 
difficult, 


temperature by its effect on the entropy 


may have two may give rise to 


lines of *the close 
that 


change 


the hexagonal 


detection becomes more 


the 


lattice so 


and it may transformation 

In the absence of further experimental evidence 
on these points, it can serve no useful purpose to 
discuss the mechanism in any more detail. It is 
felt, that 


repeated, if possible, with a 


however, these experiments should be 


specimen of larger 
grain size. If this should prove to be impossible, it 
would be interesting to elongate the wire (prefe 


ably a thicker one) when it reached temperatur 


but before making the exposure. Photometry 
the films might also be interesting 
[It is noticed that the amount of cubic coba 


Table | 1S 


exposure 


specimen (c) in more than before 


high was taken, 


the earlier explanation in the text applies to 


temperature 


ler proportion of cubic cobalt 
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Additional Notes on Textures in Extruded 


Aluminium* 


Further to the letter on ‘‘Textures in Extruded 
Aluminium” [1], it has been noted that the mean 
(111 the “Y" 


grains, which contained deformation bands, cor- 


rotation of 46° about axes for 
responds closely to the 47° rotation obtained upon 
annealing a compressed single crystal of aluminium 
which had no deformation bands [2]. Both 
results are consistent with the theoretical rotation 
of 47° (13° (111 
Kronberg and Wilson [3], gives the third greatest 
density of coincidence lattice sites. Similar rota- 
tions of 38° (22°) and 32° (28°) provide respectively 


these 


about axes which, according to 


the greatest and second greatest density of coinci- 
dence lattice sites [3]. 

As was pointed out [1], the smaller number and 
angular range of available nuclei in the less highly 
detormed ‘‘X”’ 
growth to operate with as great a precision as for 
od Thus, the scatter in 
angular rotation for ‘‘X”’ grains may be attributed 
to the growth of nuclei which have selected coinci- 


grains does not permit selective 


grains. greater 


dence lattice sites corresponding to 13°, 22° and 
28° rotations. The mean rotation is, in fact, 22°, 
as might be expected, since it provides the greatest 
density of coincidence lattice sites. 

The 


evidence that coincidence lattice site considerations 


above results seem to provide further 

ire very important in determining the orientation 

dependence of grain boundary migration rates. 
K. V. Gow 

Department of Metallurgy 

University of Toronto 


Toronto, Ontario 
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A ‘‘Sub-Regular’’ Solution Model Applied to 
the Immiscibility Curve in Liquid Lead-Zinc 
Alloys* 


In a recent paper in this Journal [1], I have 
examined the properties of an empirical expression 
in which the heat of solution of a regular solution 
linearly with composition. 


is allowed to vary 


The equation of such a ‘“‘sub-regular’’ solution is 


given by [1] 
(1) AF = A\x*y + Aoxy? + RT (x Inx + yiIny) 


where x and y are the atomic fractions and the 
constants A; and A» are not necessarily indepen- 


dent of temperature. It is a property of a sub- 


regular solution that the solubility curve is given 


by 


(9 (x) + Xo R7 In + (V1 Ve In Vo 


= (A, A» 


— 


where x; and xs, y; and yo are the concentrations 
co-existing in equilibrium. Consequently the solu- 
bility data should give a straight line when the 
left-hand side of equation (2) (identified as @) is 
plotted against (x; — x2)* as long as (A; — Az) is 
independent of temperature. 

It is the purpose of this note to apply the sub- 
regular solution equations to the immiscibility 


curve in liquid lead-zinc alloys. As shown by 
Figure 1, the solubility results of Waring ef a/. [2| 
fell close to a straight line from the critical tem- 


perature down to 500°C when plotted according to 


OOF 


-@,-x,) 
data for lead zinc alloys at the 


plotted according to equation (2). 


FiGuRE 1. The solubility 


temperature indicated (°C 
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LETTERS TO 


The 


appear in equation (2) make the plot very sensitive 


equation (2). ratios X)/x2 and y;/ye which 
to minor changes in concentration when the solu- 
tion is very dilute. For example, the point X at 
550°C is for x. = 0.010 compared with the experi- 
mental value given as 0.013 and marked by a 
circle. Therefore, the divergence from the straight 
and 418°C 
breakdown of 


line of the points at does not 
the the 


although different thermodynamic characteristics 


necessarily mark model 
may be expected from liquids of such different 
compositions. 

The lead-zinc immiscibility curve in the liquid 
satisfies the predictions of the sub-regular solution 
model. There is a large temperature dependence 
of A; and A» which produces a high heat of solution 
and correspondingly large additional entropy terms 
800°C the 
equiatomic composition. Figure 2 gives the activ- 
1073° and 923°K calculated from 


the sub-regular solution model. 


of about 3 cal/gm atom/°C at and 


ities of zinc at 


Lumsden [3] has put forward a four-constant 
equation which allows the thermodynamic data to 
be calculated from the miscibility gap. Kleppa [4] 
has recently published the results of a thermo- 
dynamic investigation of the lead-zinc system. 
He reported that the use of a volume fraction 
expression for the heat of mixing did not give a 
very satisfactory agreement with the experimental 
the activity were in good 


but curves 


with 


results, 


accord Lumsden’s calculations. It will be 


that the sub-regular solution 
the 


seen from Figure 2 
model predicts lower activities at lead-rich 


compositions than those calculated by Lumsden. 


1073 °K 


Subreguiar 


—— Lumsden 


° In 


FIGURE 2. \ctivity zine in its 


liquid alloys with lead. 


composition curves for 


The solution model less 


accurate than Lumsden’s expressions when extra- 


sub-regular appears 


polated to concentrations away from the solubility 


curve. It has the advantage of much greater 


simplicity and allows the solubility curve to be 
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accounted for by only one empirical constant 
namely (A; — A» 

H. K. Harpy 
Fulmer Research Institute 


Stoke Poges, England 
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Carbides and the Atomic Size 
Factor* 


Triple » 


In a previous communication |1| 


ol 
particular was discussed. Since then, more work has 


the formation 


carbides in general and of ; carbides in 
been done on the formation of the triple m2 carbides 
and the results are presented here. 

(A,B,C) 
not only in the cube edge 
X-ray 
pattern [2], so that these two carbides can easily be 


the X-ray 


the study of triple carbides, where the composition 


The ne carbide differs 
carbide (A;B;C) 


in the relative intensity of 


the 
but also 


from 


the diffraction 


distinguished by powder method. In 


the lattice dimension 
0.1 A. In 


following, the identification of the carbide phase is 


limits, 
the 


varies within broad 


also varies within range of the 


based on the line intensity measurement. while the 


discussion is based on the change in_ lattice 


dimension. 


Three genuine triple yn. carbides were found 


The composition of the alloy, the formula of the 


carbide (to be discussed below and the lattice 


dimension found are: 


\lloy Carbide 
Nie(Ti, Ta)4C 
Co2(Ti, 


On account of the presence of othe: phases, e.g 
Tt and TasC, the « omposition of the alloy « innot 
be used to represent that of the carbide concet ned 
Otherwise, the formula of the triple carbide would 
Pa) 


contormit\ 


determined as Nio(Ti, 
etc., (not as Ni 


be unambiguously 
lac, ete in 
with the general formula of the m2 carbide, A.B, 

The function of Ni and Ta in the formation of these 
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triple carbides is known, and the problem left to 


be decided is therefore the function of Ti. 
It has been shown earlier [1] that the 2 carbide 
ilwavs has a larger cube edge than the 7 carbide 
containing the same metals, owing to the larger 
imount of the bigger atom B. Moreover, the 
mixture (Ti, Ni) has a larger mean atomic radius 
than the mixture (V, Ni) Ni), and con- 
sequently the carbide (Ti, Ni); BsC should have a 
larger cube edge than (V, Ni)3B3C or (Cr, Ni)3B;C. 
Therefore, the carbide (Ti, Ni)oTasC should have a 
larger (Ti, Ni)sTa3C, 
turn should have a larger cube edge than (V, Ni); 
Ta;C (11.56 A) or (Cr, Ni)3Ta3C (11.44 A) [1]. 
lhe cube edge found for the 2 carbide in the alloy 
TisNieTasC is of the same order as that of (V, Ni 
TasC. This excludes the possibility of Ti being an 
the carbide AsByC. The same 
the other 


or (Cr, 


cube edge than which in 


\ component in 
argument applies equally well to two 
triple nz carbides mentioned above 

[he other alternative is Nio(Ti, Ta)4C. This does 
not seem unreasonable, since the atomic radius of 
[i (1.47 A for coordination number 12) does not 
differ materially from that of Ta (1.49 A). For the 
sake of simplicity, it is assumed when considering 
the lattice dimension, that Ti is an equivalent of 
Ta. Of the carbides Nie (Ti, Ta)4C V, Ni)sTa; 


(, the former has a larger proportion of B, while 


and 


the latter has an A mixture possessing a larger 


mean atomic radius. These two factors may 


compensate each other, and the result is that these 


two carbides have a similar cube edge 

Thus, in the formation of triple carbides con- 
taining Ta and Ni, Cr and V serve as A component 
ind Ti as B component, and both the A and B 


components can be a mixture of two or more 
metals. This kind of substitution, Ti or Ta and V or 
Cr for Ni, is probably governed by the atomic size 
facto! 

[It was thought that confirmation of the above 
reasoning about the effect of the atomic size factor 
might be obtained from a study of the function of 
V (radius 1.36 A) in the formation of the ne carbide 
containing W (1.41 A) and Ni (1.25 A). If V 
replaces Ni, the lattice will be enlarged, and if V 
replaces W the lattice will be diminished. The », 
carbide (not a true triple carbide, since the double 
carbide NisW,4C exists) obtained from a mixture ol 

VC + 2W +3 Ni) has a cube edge of 11.5 A, 
smaller than that of NixW,4C, 11.25 A. No VC or V 
Ni did 


react); therefore, in this case V must be part of the 


was found to remain (though plenty not 


3 component, replacing some W. 
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The fact that V can serve either as an A com- 
ponent when the B component is Ta or Nb, or as a 
B component when the other B component is W or 
Mo, further the the 
atomic size factor. The observation made earlier 
[1] that the metal A belongs to period IV and B to 
period V or VI can no longer be applied to the 
formation of triple » carbides, though it is still 


illustrates importance of 


valid in the case of double » carbides. 

The relation of Cr to W may be compared with 
that of V to Ta. Cr might be expected to replace 
the A component of the carbide A;W;C, rather 
than W, as suggested by earlier workers [3; 4]. 
However, Chebotarev’s statement [4] that V atoms 
may replace W atoms is in agreement with the 
present results. 

In comparing the carbides Nio(Ti, Ta)sC and 
NioW4C, we may consider the mixture (Ti, Ta) to 
be equivalent to W. This shows that the strength 
of the metal-carbon bond may be disregarded as 
an operative factor in the 
carbides, because it is well known that both Ti and 


formation of the n 
Ta have a much stronger affinity for carbon than 
W has. The question of why neither Ti nor Ta 
by itself forms an no carbide with Ni still remains 
unanswered. 

he writer wishes to thank Professor G. Hagg 
for his interest and the Swedish State Council for 


lechnical Research for financial support 
KEHSIN Kuo 


Institute of Chemistry 
University of Uppsala 
Uppsala, Sweden 
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\luminum. By R. MappIn, E 
R. W. Getrnas. The magnifications and scale of 
the abscissae in the illustrations are in error. 

(he photomicrographs of Figures 1, 3, 4, 9 and 
10 should be multiplied by 1/3. The abscissae on 
the graphs (Figures 5, 6, 7, 8 and 11) should be 
multiplied by 10/3. The shear measurements on all 


of the curves are correct as they are. 


BOOK REVIEW 


Physical Chemistry of Metals. By Lawrence 
S. Darken and Robert W. Gurry; with a collec- 
tion of problems by Michael B. Bever. New York: 
McGraw-Hill Book Company. 1953. Pp. ix+535. 

This book will appeal to both the chemist and the 
metallurgist although it was written expressly for 
the latter. As a text for students who have com- 
pleted the usual one-year introductory course in 
physical chemistry, it should find its place in many 
metallurgy curricula. It will be a valuable guide to 
the research workers in this field of applied physical 
chemistry. 

After a brief introductory chapter the next four, 
approximately one-fourth of the book, are devoted 
to gases, solids and liquids. The discussion of 
atomic structure is excessively brief but contains a 
complete table of arrangement of orbital electrons. 
Bonding and resonance phenomena are treated 
briefly but competently. In addition the chapter 
on solids discusses plastic deformation, Hume- 
Rothery’s classification, atomic radii and crystallo- 
graphy of the imperfections in 
crystals. It contains a rather full exposition of 
Pauling’s theory of valence and atomic radius in 


elements and 


metals. 
The chapter on solid solutions and intermetallic 


compounds includes quantitative discussions of the 


effect of size factor and electronegativity on 
extent of solid solubility. Long and short range 
order and intermediate phases are discussed. 

Chapter 5 contains an excellent summary of the 
structure of liquids as deduced from X-ray diffrac- 
tion data. The authors make a strong case for 
ordering in certain liquid metallic solutions. A 
discussion of the “‘hole’’ theory of liquid structure 
contains the only mention of viscosity. 

Chapters 6-10 present the classical approach to 
thermodynamics with applications to metallic 
solutions and other systems of especial metallurgi- 
cal interest. Statistical 


beyond the scope of the book but its conclusions 


mechanics is considered 
are used freely, especially in connection with the 
third law. This procedure is likely to prove baffling 
to the student who has not been told about the 
relation between entropy and randomness. 

The treatment of solutions will be especially 
The authors 
)? which is 


helpful to research metallurgists. 
employ the function a; = In y;,/(1 — XN, 
useful in interpolating activity data and in graphical 
integration of the Gibbs-Duhem equation. This 


chapter and a later one on free-energy-composition 


diagrams are especially recommended to the 
physicist or metallurgist who is unfamiliar with the 
elegant methods developed by chemists for the 
thermodynamic treatment of solutions. 

phase rule and _ hetero- 
the 


applicable to one- and two-component systems. 


Two chapters on the 


geneous equilibria contain basic principles 


Systems of three or more components are not 
discussed. 

Chapter 14 contains summaries of much useful 
metallurgical data on the free energy of formation 
of oxides, sulfides, carbides, nitrides and chlorides. 
In it also is found a brief summary of the authors’ 
own fine work on the system iron-oxygen. The two 
following chapters are treatises on the two impor- 


Fe-N Fe-C They 


critical reviews of the 


tant systems and include 


and literature 
and collations of the quantitative data available. 


Chapter 18, ‘‘Formal Basis of Diffusion Theory,”’ 


extensive 


has already found its honored place in metallurgical 
literature. This is more than a routine exposition 
of the mathematical treatment of diffusion data. 
It includes a full the 
effect,’’ limitations on Fick’s law imposed by grain 


discussion of ‘Kirkendall 


boundaries and lattice defects, and variations of 


diffusivity with composition or with chemical 
potential. 

The final chapter, ‘“‘Kinetics of Metallurgical 
Processes,’’ is an adaptation of a similar « hapter in 
Basic Open Hearth Steelmaking (A.1.M.E., 1951). 
It contains the most compact and understandable 
exposition of modern rate theory this reviewer has 
seen. Applications include the few metallurgical 
reactions on which adequate rate data have been 
published 

The 


enhanced by addition of a section on strain energy 


usefulness of the book could have been 


and of a chapter on thermodynamics of surfaces 

The book contains a collection of 257 problems 
which contribute greatly to its usefulness as a 
The 


quantitative nature, requiring numerical or graphi- 


classroom text. problems are chiefly of a 
cal solution and most of them demand a substantial 
amount of thinking on the the 


student. It would have been helpful to many if 


original part of 
answers to a few of the problems had been pro- 
vided. It seems good educational practice in a book 
of this sort to put the practical applications in the 
problems. This has been done in an admirable 
manner. 

From the standpoint of the teacher it is not easy 
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to judge the suitability of a new book until it has 


been tried in the classroom. The book seems to be a 
very close approximation to the specialized re- 
quirements of a modern curriculum in metallurgy. 
For a course in thermodynamics Chapters 1, 6 to 


14, inclusive, and 17 provide an excellent base. 
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The book will prove stimulating to the advanced 
student (senior or graduate) and challenging to 
The latter 
supplement it with respect to several topics which 


the teacher. should be prepared to 
the authors have omitted. 
JOHN CHIPMAN 


) 


CURRENT PAPERS IN OTHER JOURNALS 


Acta Crystallographica, Vol. 6 


Part 7, July, 1953 (Partial Contents) 


An analysis of the efficiency of convergence of different 
methods of structure determination. I. The methods of least 
squares and steepest descents: Centrosymmetric case. M. M 
QURASHI. 

Calculated powder patterns from very small crystals: body 
CHANG Morozvumi and H. L. Ritter 


J. SANDERSON and N. C 


centered cubic cubes. 
rhe crystal structure of BaCdy,. M 
BAENZIGER. 

X-ray scattering by aggregates of bonded atoms. III. The 
bond scattering factor: Simple methods of approximation i: 
the general case. R. MCWEENY. 
Anomalous lattice constants of zinc oxide. 
JurG. Waser, HENRI A 


G. D. ARCHARD. 
LEVY 


The structure of PdO and 
S. W. PETERSON. 

A monogram for evaluating the temperature factor. H. 
GRENVILLE-WELLS, 

The measurement and correction of intensities from single- 
crystal X-ray photographs. G. Kaan and W. F. Cou! 

rhe structure of 6(AlCrSi). KEITH ROBINSON 

A discussion of the Cox and Shaw factor for oblique incidence 
and the film-to-film factor in multiple-film exposures. M. M 


(QURASHI 
Archiv fur das Eisenhuttenwesen 


Heft 5-6, Mai—Juni, 1953 

Anwendung von Schall und Ultraschall bei der Gasreinigung 
HERMANN SCHNITZLER. 

Der Einfluss des Stickstoff-Teildruckes des 
THEO Kootz. 


Blaswindes auf 
die Aufstickung. 
Die photometrische Bestimmung des Kupfers in unlegierten 
und niedriglegierten Stahlen mit 0-Tolidin. Hans BLUM 

Der Einfluss der Wasserstoffdiffusion auf den kritischen Reck- 
grad von weichem unlegierten Stahl. FRIEDRICH ERDMANN- 
JESNITZER und HERMANN SCHUMANN. 
Diffusionskornbildung in Eisenlegierungen. 
MANN-JESNITZER, HERMANN SCHUMANN 
BECKERT. 

Uberschallpriifung nach dem Durchschallungs- und Impuls- 
echo-Verfahren. HELMUT KRAINER und EKKEHART KRAINER 
Untersuchungen tiber die Kristallisation des Gusseisens mit 
Kugelgraphit. ERiIcH SCHEIL und LEo HUTTER 
Umsetzungen der Eisenphosphide mit fliissigem Zink 
VOGEL und DIETRICH HORSTMANN. 

Die Beeinflussung der Sintereigenschaften von Metallpulvern 
durch eine Oberflachenbehandlung. GERHARD NAESER und 
HANS BURMEISTER. 

Uber phosphorlegierten Sinterstah| 
Hartmetall-Legierungen hoher Korrosions-und Oxydations- 
JoseF HINNUBER und OTTo RUDIGER. 


FRIEDRICH ERD- 


und MANFRED 


RUDOLI 


Fritz EISENKOLB. 


bestandigkeit. 
Zur 


festen Lésungen. 


Ausscheidungsvorgange in tbersattigten 


WOLFGANG WEPNER. 


Theorie der 


Heft 7-8, Juli-August, 1953 
Lésungsversuche an Hiittenkalken. JOACHIM ENDELL. 


Warmeto6nungen metallirgischer Reaktionen. Cari V. 


SCHWARZ. 
\nordnung zur Messung der 
zwischen Metall-oxyden bei hohen Temperaturen und Unter- 


elektromotorischen Krafte 


suchungen im System FeO-Al,O; bei 1500 WILHELM 
\NTON FISCHER und RUDOLF SCHAFER 

Das Verhalten von Stahl mit ver 
Z ihigkeit bei Verform ing unter 
HUBERT 
MAILANDER 


Seigerungserscheinungen an Nickelstahler KLAUS JANSSEN, 


schieder 
mehracl 
HOUDREMONT nd RICHARD 


BENNEK, EDUARD 


EDUARD HOUDREMONT und WERNER JELLINGHAUS 


Isothermische Zeit-Temperatur-Umwandlungs-Schaubilder 
gebrauchlicher Werkzeugstihle Max 
GATTRINGER und HELMUT KRAINER 


Einfluss des Werkstoffzustandes auf die 


KRONEIS, REINHOLD 


stofftdiffus 


Wasser 


HERMANN SCHUMANN und FRIEDRICH 


in unlegiertem Stahl 
ERDMANN-JESNITZER 
Der Einfluss der Umhiillung von 


Fleckenbildung in 


Schweisselektrode1 


Schweissgut von Stah 


unlegiertem 


FRIEDRICH ERDMANN-JESNITZER und 


ihre Entstehung 
HANS KOWALKOWSKI 
Das Zustandsschaubild Eisen-Eisenphosphid-Molybdanphos- 


phid-Molybdan. RUDOLF VOGEL und DIETRICH HORSTMAND 


Journal of the Institute of Metals, Vol. 81 


Part 12, August, 1953 

Che properties of cast chromium alloys at elevated tempera- 
tures A. H. Sutry, E. A PROVAN 
he effect of temperature and purity on the ductility and other 
\. H. Sutty, E. A. BRANDEs, and 


BRANDES, and A. G 


properties of chromium 
K. W. MITCHELL. 

Che stepped stress/strain curve 
N. KRUPNIK and HuGH Forp 
Discontinuous flow and strain- 
bronze N H 
Yield-point 


iluminium-magnesium alloy V.A 


of some aluminium alloys 


phosphor- 


POLAKOWSKI 


stretcher-strain markings 1 


phenomena and 


PHILLIPs, A. J]. SWAIN 


and R. EBORALL. 

Some methods of measuring surf | 
stretcher- strain markings on metal sheet. W 
ind J HOLDEN 

Effect of composition 
phenomena in aluminiur 


Iphide film 


Growth of su 


[TUCKER 
Oxidation of copper in tl temperature range 200°-800°( 


R. F. TYLEcor! 

Journal of the Mechanics and Physics of Solids, Vol. 1 
1953 

Limit an 

problems. C. DRUCKER 

H ALI 


of metals 


Che brittle fracture of 
\ note on a test of the plastic isotr 
PUGH 

Che yield stress of pure lead i 
R. B. Stms 


Experiments with a laboratory 


plane strain N. W 


t ] 
metais 


N. Loizovu and 


compre 


extrusion apparatus under 


conditions of PURCHASI 
[UPPER 
Einkristallen. O. G. Fou- 


Theorie der Kriechens von 


KOCHENDORFER 


Eine 


BERTH and A 


on copper. T. P. Hoar and A. J. P 
opy 
ssio 


616 CURRENT 


On the mechanics of cutting metal strips with knife-edges 
R. HILL 

4 new method for determining the yield criterion and plastic 
R. HILL. 

Experimental investigation of the behaviours of soil under a 
W. SYLWESTROWICZ. 


tools 
potential of duetill metals. 
punch or footing 


Journal of Metals, Vol. 5 


No. 7, July, 1953 

Monolithic linings in furnace spouts: Working 
improved at Armco Steel Corp. V. W. Jones. Monolithic 
Steel Co. G. M. BuRRIER. 
C. MACcNEILL. 


conditions 


linings successful at Crucible 


Practice adopted at Bethlehem Steel Co. J. 


Open hearth slag removed economically by blasting. 


DAGUE. 

Vancouver Steel Co. Ltd., uses mullite roofs in electric fur- 
naces. G. R. HEFFERNAN. 

Huge alloy plant to produce simplex ferrochrome selecting 
conveyors for handling hot bulk materials. J. W. SNAVELY. 
Phase diagrams play an important role in powder metallurgy. 
R. STEINITZ. 

Further studies of the tuyere zone of the blast furnace. J. B. 
WAGSTAFF. 

Electrical resistance of titanium metal. J. L. Wyatt. 
Microscopical examination of tin bronzes in the alpha range. 
E. C. W. PERRYMAN. 

Grain boundary attack on aluminum in hydrochloric acid 
C. W. PERRYMAN. 

iron alloys. 


and sodium hydroxide. E. 
Martensite nucleation in 
FISHER. 

Calculation of martensite nucleus energy using the reaction- 
path model. J. C. FisHER and D. TURNBULL. 

Further progress in the development of Mg-Zr alloys to give 
good creep and fatigue properties between 500° and 650°F. 
C. J. P. Batu, A. C. Jessup, P. A. FisHer, D. J. WHITEHEAD, 
and J. B. WiLson. 

Textures of rolled and annealed iodide zirconium. >. oo 
KEELER, W. R. HIBBARD, JR., and B. F. DECKER. 

Anelastic behavior of pure gold wire. D. R. Masa, L. 
HALL. 

Effect of nickel and molybdenum on stabilization of 

D. J. BLICKWEDE. 


substitutional 


austenite-martensite transformation. 


No. 8, August, 1953 
Design features of Fairless Works open hearth. 
British producing germanium from flue dust. 
Ion exchange finds wider use in concentration and recovery of 
metals from dilute solutions. A. B. MINDLER, C. F. PAuLson. 
Deoxidation and degasification practice for basic electric 
A. L. Ascik. 
desilverized 


H. A. PARKER. 


furnace alloy steels. 
Vacuum dezincing of 
DAVEY. 

Examination of a high sulphur free-machining ingot, bloom, 
D. J. CARNEY, E. C. RUDOLPHY. 

P. RASSBACH, 


lead bullion. 


and billet sections. 
Reducing period in stainless steel melting. H 
E. R. SAUNDERS. 

Silicon-oxygen equilibrium in liquid iron—a revision. 
CuIpMAN, N. A. GOKCEN. 


PAPERS 


Thermodynamic properties of molybdenum dioxide. N 
GOKCEN. 

Influence of aluminum and silicon deoxidation on the strain 
W. C. LEswi£ and R. L. RICKETT. 
C. ANG 


agin of low-carbon steels. 
Some properties of columbium containing nitrogen. 
and C. WERT. 

Isothermal temper embrittlement of SAE 3140 steel. F. L. 
Carr, M. Go_pMAN, L. D. JAFFEE, and D. C. BuFFUM. 
[Thermal conductivity of nodular iron. M. J. SINNOTT. 
Plastic bending of zinc crystals. G. P. Conarp II, B. L 
AVERBACH, and M. COHEN 

Modifications of the Schulz technique for the X-ray deter- 
mination of preferred orientation in rolled metal. M. L 
FULLER and G. Vaux 


Revue de Métallurgie, 50e Année 


Numéro 6, Juin, 1953 


Comment construire les fondations des marteaux-pilons 
I. E. 

La fabrication des coussinets autolubrifiants. Le frittage avec 
P. LAURENT et M. EupDIER 

M. Ros. 
Influence de l’azote sur les propriétés de la cémentite. R 
BRIDELLE et A. MICHEL. 

Recherches sur la cristallisation des fontes 4 graphite sphé- 
roidal. A. WITTMOSER. 

Etude par diffraction électronique des alliages aluminium- 
J.-J. TRILLAT et 


apparition de phase liquide 
Usure et fatigue des rails de chemins de fer. 


cuivre obtenus par vaporisation sous vide. 
NOBORU TAKAHASHI. 

Etude systématique au moyen du volume-débitgraphe des 
facteurs déterminant la soufflabilité des charges au conver- 
LEROY, M. GoMBERT et B 


tisseur Thomas (a suivre 


TRENTINI. 


Zeitschrift fur Metallkunde, Band 44 


Heft 6, Juni, 1953 

Die Wirkung von Spannungskonzentrationen auf die Zeit- 
standfestigkeit der Werkstoffe. G. Sacus, W. F. Brown und 
D. P. NEWMANN. 

Die physikalischen Vorgange bei der Wechselbeanspruchung 
U. DEHLINGER. 

Beitrag zum System Tantal-Silizium. R. KIEFFER, F. BENE- 
sovsKy, H. Nowotny und H. SCHACHNER. 
Versetzungen und allotrope Umwandlungen. 
Zur Ortskorrelation der Aussenelektronen in 
chemie. K. Schubert 

Zu dem System Mangan-Indium. S. VALENTINER 
rhermoelektrische Temperaturmesseinrichtung fiir hohe 
Genauigkeitsanforderungen, thermische 
Analysen. W. HUNSINGER 

Ein Beitrag zur Raffination des Magnesiums. K. E. 
Der symmetrierte Induktions-Tiegelofen fiir Netzfrequenz 
mit gestampften Tiegel zum Anschluss an ein Drehstromnetz. 
R. LETHEN. 

Elektroinduktive Blockheizung mit Netzfrequenz. E. K. L 
HAFFNER, 


A. SEEGER. 
der Kristall- 


insbesondere fiir 


MANN 


THE ISOTHERMAL TRANSFORMATION OF METASTABLE 
BETA-URANIUM SINGLE CRYSTALS* 


A. N. HOLDEN} 


Che transformation of metastable beta uranium cry 
reaction at room temperature. The feature of the 
individual uranium martensite plates formed and grew 


LA TRANSFORMATION ISOTHERME DE MONOCRISTAUX 
METASTABLI 


Il a été constaté que la transformation de cristaux d’uranium bét 


réaction martensitique a la température ambiante La caractérist qu 
transformation etait, que des lamelles individuelles de martensite 


poussaient isothermiquement a faible vitesse 


DIE ISOTHERME TRANSFORMATION VON METASTABILEN 
EINKRISTALLEN 


Es wurde gefunden, dass die Umwandlung von metastabik 
temperatur auf Grund einer Martensit Reaktion von statte1 
dass in dieser Umwandlung einzelne Uran Martensitpliattch 


geringer Geschwindigkeit wachsen 


Other features of the transformation were unlike 
ntroc uction martensite ol the usual type, howevet! Che 


Single crystals of the beta-phase of uranium transformation of beta-phase crystals to alpha 
were first grown and retained in metastable condi- during cooling could be completely suppressed by 


tion at room temperature in material containing quenching them from the beta-phase to room 


l atomic per cent of more of chromium. These temperature, a feature uncommon in the marte! 


crystals were stable for months at room tempera-_ site transformation. Furthermore, the growth of 


ture and were used by Tucker [1] to determine the | the transformation plates occurred without audible 


beta-phase structure. Crytsals of lower chromium clicking and apparently the reaction went to 


contents down to .3 atomic per cent have been completion isothermalls 


grown recently [2], and these crystals transform [he experimental work on this transformation 
to alpha much more rapidly. The results of a study has been concerned with two aspects of the prob 


of the transformation in these low chromium alloy lem: namely, first to classil the transformation as 


cry stals, both metallographically and by means ol either a martensitic transformation 


or anuclk 


standard tv1 


X-ray examination are presented in this paper. and growth transformation of the 
p and second to study the crystallography o 
Gross Features of the Transformation 


} 


The transformation in these dilute chromium- the T f 
uranium solid solution alloys was of added interest Classification of the Transformation 


imstormation 


because the plates of alpha that were formed In order to classify the t1 
during room-temperature isothermal transforma- martensitic or non-martensitic, a martensitic 


tion had an appearance (see Figure 1) not unlike transformation will be defined. Martensiti 


martensite plates in iron alloys. In fact, a great formations are characterized as follows 


many of the transformation features were similar |. The product shall be plate like (lens or needle 


to martensite: the plates seemed to prefer only shaped in two-dimensional section) and form by 


certain habit planes in the parent crystal; the the cooperative movement of the material within 


surface of the beta-crystal was distorted by the the plate through fractional atom distances 


formation of an alpha-plate; the distortion thus 2. A composition change is not required by the 


observed frequently appeared feathered very transformation. 


similar to martensite; and deforntation of the Other formerly accepted criteria for a marten- 


beta-crystal greatly hastened its transformation. site transformation must be considered fallible in 


the light of recent experimental exceptions to these 
Received April 6, 1953. rules. For example, it was thought that martensite 


tKnolls Atomic Power Laboratory, General Electri 
Company, Schenectady, New York, U.S.A. formed only upon cooling; hence the term atherma 
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is been applied to its formation, yet the complete 


suppression of athermal martensite by rapid 
uenching has been observed by Kurdjumov et al 
3; 4] Cech and Hollomon [5]. 


Furthermore, martensite transformations have been 


and recently by 


reported by Kurdjumov to proceed extensively, 
isothermally , and this fact has also been corrobora- 
ted in the recent work cited [5]. Another criterion 
of the martensite transformation that has persisted 
intil recently is that individual martensite plates 
erow extremely rapidly. Slow growth of martensite 
ndividuals, however, has been reported by Kurd- 
jumov [4] for a copper tin alloy transforming at 
190° 
In applying the two remaining criteria; namely, 
the cooperative movement requirement and the 
requirement that no composition change occurs, to 
transformation at hand, there are certain 
accepted tests we may make. 
The test for a composition change is to measure 
rate of growth of the transformation product 
it grows more rapidly than any element will 
diffuse in the bulk matrix, no composition change 
must have occurred and a martensite transforma- 
tion is indicated. Certain transformations, usually 
have all the 


that 


the generic term bainite, 


known by 


characteristics of martensite except the rate 
of growth of the transformation plates has been 


bulk 


would be 


with diffusion rates, and such a 


recor iled 
transformation indicated by a growth 
rate consistent with bulk diffusion rates. 

n be made for the cooperative 
the 
is to observe what happens to parailel 
the 


transformation. No martensite transformation can 


The test that c: 


movement of the atoms in transformation 


product 
scratches on the specimen surface during 
a transforma- 


the 


fail to shear the scratches wherever 


tion plate occurs, and furthermore sheared 
scratches will have the same angle with the matrix 
throughout the plate. 

The 


formed on transforming beta-uranium crystals at 
the 


rate of isothermal growth of the plates 


room temperature was studied by simple 


technique of photographing the product at inter- 


vals. For this work a polished crystal was studied 


using polarized light to reveAl the transformation. 


Figure 2 is such a sequence of photographs over 


an hour period showing the growth to be contin- 
uous and at a rate of approximately 0.5 mm 
increase in length per hour. While this growth is 
class of martensite, it is 


slow for the general 


certainly more rapid than chromium can diffuse, 
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and therefore a composition change seems unlikely 
and a martensite transformation is indicated. 
The 


investigated by observing what happened to a finely 


question of shearing of scratches was 
scratched beta-crystal surface during the transfor- 
mation. These scratches were applied to the speci- 
men before the crystal was grown because it was 
found that any scratching subsequent to growth 
caused immediate transformation of the crystal 
surface and obscured any shearing effect. A small 
but definite unidirectional and apparently homo- 
eeneous shearing of the scratches was observed 
upon transformation, and two photographs of this 
phenomenon are shown in Figure 3. 

There seems little doubt that the room-tempera- 
ture transformation of beta-uranium crystals is by 
a martensite mechanism. Shearing of the product 
is accomplished, as can be seen in the shifting of 
scratches, and there is little chance that composi- 
tion changes can occur in the time required for 
plate growth. 

The effect of deformation on the transformation 
seems to be one of introducing critical-size nuclei, 
for while the rate of growth of the individual 
plates in strained regions remains slow they begin 
to form immediately. In a nondeformed region a 


few hours at room temperature is required to 
produce any visible plates. Slip bands do not seem 
to constitute barriers to the migration of the 
plates. 

A question that remains to be answered is why 
the martensite transformation in uranium proceeds 
by slow growth of individual plates, while steel 
martensites grow with velocities approaching that 
of sound. Some retarding mechanism must operate 
to slow the uranium growth. 
the local 


One possibility is that simultaneous 


the occur in 


take 


place readily in uranium. Whereas steel marten- 


deformation of matrix which must 


rapidly growing steel martensite does not 
sites form in a ductile FCC matrix, the beta-phase 
of uranium deforms by slip at room temperature 
only on {110} type planes and in the [001] direction 
[2]. It would be highly fortuitous if the two possible 
systems were oriented so as to relieve the shear 
stress in beta, and in fact the habit plane* for 
uranium martensite is 30 degrees from the slip 
plane. 

The alpha-plates, on the other hand, could twin 


readily [6] so that a large proportion of the trans- 
*Habit plane determination 
section of this paper. 


is discussed in a succeeding 


Ze 


PLATE I. Figure 1—Plates formed by isothermal transformation of beta uranium cr 
100 polarized light. Figure 2—Growth of plates at room temperature (a) 2:50 P.M 
(d 3:53 | M. Rate of growth approximately .5 mm per hour. Polarized light 40. All figures 1 
in reproduction 
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PLATE II. Figure 3—Examples of shearing of scratches by the transformation. (a) Polarized light 100 X (b) Polarized 
light 200 X. Figure 5—Twins in large alpha-plate. Polarized light 400 X. Figure 6 Slip in beta-crystal near junction 
of two martensite plates. Polarized light 200. Figure 7—Athermal martensite burst. Polarized light 100. All 
figures reduc ed to seven-eighths in reprod Cctl1o! 
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formation stress is relieved by deformation of the 
uranium martensite plate itself. The growth of the 
plates would be slowed down by the requirement 
that 
transformation 


twins continually nucleate and relieve the 


The 


would be intermittently rapid and slow 


stress. motion of the plate 

immed- 
iately after twinning it would move rapidly for a 
distance and then as the stress increased slow down 
until another twin formed. 

The stresses associated with conventional steel 
martensite can be relieved by the motion of disloca- 
tions in the matrix, since a large number of defor- 
mation systems are available for volume adjustment 
the growth of conventional 


the 


of the matrix, and 


martensite is limited only by velocity of 
propagation of dislocations which may approach 
sound velocities. Furthermore, the ductility of 
FCC material is retained to 4°K. 

The relief of strains assot iated with the crowtl 
uranium martensites_ is 


of conventional and 


visualized as shown in Figure 4. 


SHEAR ADJUSTMENT 
RATE OF GROWTH 
VELOCITY OF DIS 
MOTION OR ~ SOUND 


URANIUM MARTENSITE GROWTH WITH 
OUT SLIP IN BETA MATRIX BUT WITH 
TWINNING IN ALPHA PLATE PERMITTING 
SHEAR ADJUSTMENT. 


RATE OF GROWTH LIMITED BY 
REPEATED STRESS BUILD UP AND 
REPEATED NUCLEATION OF TWINS 


Growth of conventional and 


FIGURE 4. 


site. 


High magnification microscopy has revealed that 
individual plates of alpha do appear to be twinned, 
and a photograph of these twin markings at high 
magnification 400 is presented in Figure 5. 

In uranium, slip is often observed on one or both 
slip systems of the beta-matrix in the stressed 
region near the junction of two or more large alpha 
plates. The combination of stresses resolves to 
cause slip in these regions. Such a region is pictured 


in Figure 6. 


TRANSFORMATION OF lI 


RANIUM 
Several, but by no means all, ol the bet icrystals 


large martensite plates already formed 


the 


had a few 


by the time first observation was made In 


general, less than five minutes from quenching to 
necessar\ that these could 


observation was 


hardly 


temperature 


thei soiourl it room 


have grown during 


unless they grew much faste1 


any measured rate of growth. It is the preferred 


explanation that these erew athermall it some 


higher temperature, perhaps even above 350°C 


in a region where alpha uranium is known 


readily and where perhaps the beta-phase 


stress 


where one 


deforms by slip at a reasonable 


greater number of slip systems 


plates appear to be bursts 


triggered another. A photograph of such ither 


mal burst is shown in Figure 7 


There is another feature common t mal 


martensite reactions: namely, that in the absence 


ot any competing reactions they ire revel 
upon heating 
\ partially transformed beta-cri 


heated to 625°C. a temperature 
equilibrium range, by 
It w iS held for 


iS found 


no sign of tr 


Crystallography of the Transformation 


X-ray 


ye of which has 


\ 
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work has been | 
vielded sa 

Che first ittempts were 

back-reflect 

hese 


pilates b 


very fine beam 


plates were evidently stt 
distorted pattet hat could 
furthermore, exposu 
+} 


beam were so long 


cryst il occurred 


\ttempts were th 


trat 


istorn 


mation was complete 
nd usil 
attempts were not s 


110 


reflection toge v7 ith th 021) mak 


square crystals, a 


These iccessi 
simple planes 002) 


difficult to sep ite the three on 


issign indices 


impossible to correc tl 


1 


diffraction spots of the triplet g1 


The equipment currently being used com- 


goniometer in con- 


pletely modified Schultz-type 
trometel! 7 


the speci- 


junction wish a Geiger-counter spe 


Che eoniometer was designed to move 
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men automatically so that reflection occurs 


sequentially from all the planes whose normals 


would trace a spiral path on a stereographi 


projection. \ record of the reflected intensities 
along this spiral path was made for several planes 
this 
002 
triplet The 


results of the X-ray work are presented as a series 


ind 


of interest, figures plotted trom 


110) (021 


instrument. 


pole 


record. Good resolution of the 


was obtained with this 


of typical pole figures. The (002) alpha-pole figure for 


the transformation is shown in Figure 8, plotted 


ilpha heur tor room temperature 


002 
transformation of beta 
the beta-crystal 


the projet tion of 


O40 


over 
rhe 
positions shown in Figure 9, and 
110 


shown 


directly 


matrix alpha-planes were found in 


in Figure 10 the 
alpha-pole hgure tor the transformation is 


Thus far it has not been possible to fit 


{ 


004) alpha pole figure for room temperature 


transformation of beta uranium 


FIGURE 9 


martensiti 


these pole figure data with a single orientation 


relationship and the work has not progressed to 


the point where any relationships deduced from 


the pole figure data are considered positive. It is 
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hoped the results of more thorough orientation 
study may be the subject of a future paper. 

The macroscopic habit plane for the martensite 
transformation of beta-uranium to alpha has been 
identified by metallographic studies of the traces 
of plates in adjacent faces of rectangular cross- 
section crystals. The prin ipal habit plane appears 
to be {321! 
Figure 11 is a typical plot of the observed poles of 
the 


approximately a type beta-plane. 


the plates on a stereographic projection of 


parent beta crystal. 


110) alpha pole figure for room temperature 


of beta uranium 


FIGURE 10 


martensitic transformation 


The (321 
unimportant 


plane according to Tucker's work is an 
extremely low 
relative X-rays. 
This choice of a crystallographically unimportant 
habit 


having an 


ior 


plane 


intensity value reflected 


plane seems characteristic of martensite. 


x 
MARTENSITE O 


FiGcurE 11. Typical coincidence of martensite habit plane 
with {321} plane in beta matrix 


Geisler [8] has considered that the unimportant 
crystallographic habit planes for martensite trans- 
formations are a consequence of either slip or 
twinning of the martensite plate itself or of the 


J 
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matrix, and that the actual lattice matching occurs ( 
across smaller segments of boundary that 


parallel to the general plane of the large plate \tomi nere’ ( ommission 


Fisher who provided much helpful informa- 
are not tion and dis ussion Gsratitude IS 


lor permission 


Since habit planes are usually reported for th 


macroscopic plate, these planes are not necessarily) 
important. 


Note Added in Proof’ 


recentt' 


tionship ol the 


the scratcl 
ike touching 
stals pertect 
good i pl | rams | rom h 


crams tl 


derived iccount 


but not a he intensiti observed in 


FIGURE 12. Orientation relation 
mation of beta to alpha uranium 


Conclusion References 
The room-temperature beta-to-alpha 
mation of quenched uranium-chromium-alloy crys- 
tals is martensitic. The transformation may be 
suppressed completely by quenching, and o 
isothermally at a slow measurable r 


relatively slow growth of martensite 
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SOME PLASTIC PROPERTIES OF NICKEL ALLOYS* 


¥. 


ZACKAY7{ and T. H. 
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vsical and chemical prop rties of the ferromagnet elements indicate an equivale nce 


solid-state bonding for nickel and cobalt 


Experimental data on the plastic properties of nickel 


ise cobalt alloys substantiate this conclusion. Comparable data on nickel-iron alloys show that 


1 effectively solution-hardens nickel 


at the Curie temperature 


\ sharp discontinuity in the plastic behavior of pure nickel 
I I 


CERTAINES PROPRIETES PLASTIQUES DES ALLIAGES DE NICKEL 


Plusic 


irs propriétés physiques et chimiques des éléments ferromagnétiques indiquent l'équivalence 


des liaisons de l'état solide pour le nickel et le cobalt. Les données expérimentales sur les propriétés 
élastiques des alliages de cobalt a la base de nickel appuient cette conclusion. Des données comparables 
sur des alliages nickel-fer montrent que le fer durcit le nickel par dissolution. Une forte discontinuité 


le comportement plastique d 


DIE PLASTISCHEN 


hysikalische 


1 ige ) 
I 
plastischen Eigenschaften von 
sprechende Daten der 
| ine starke | 


beobachtet. 


Introduction 


During the several years much progress 


past 
has been made in seeking a better understanding 
of the phenomena involved in the plastic deforma- 
tion of metals. Advances have been made along 
eventually be 
One 


additional 


a number of lines which must 


integrated into a single coherent picture. 


phase of this problem is to obtain 


into the mechanism of solid solution 


strengthens 


that 


insight 


hardening. solute element added to a pure 


solvent. It is generally 


the 


metal the 


lattice distortion of host lattice 


caused by foreign atoms is one factor producing 


this effect. Differences in the relative sizes of the 


two and differences in their interaction 


itoms 
distortion. It has 


the 


imong the causes of such 


been shown that in aluminum difference in 


valence of the solvent and solute atoms, as well 


und chemische Eigenschaften ferromagnetischer 
Equivalenz der Festkérperbindungen von Nickel und Kobalt. Experimentelle 
nickelreichen Kobalt-Nickellegierungen stiitzen diese 
Nickel-Eisenlegierungen zeigen, dass Eisen Nickel praktisch lésungshartet. 
nstatigkeit im plastischen Verhalten des reinen Nickels wurde bei der Curie-temperatur 


nickel pur a été observée au point de Curie. 


EIGENSCHAFTEN VON NICKELLEGIERUNGEN 


Elemente deuten auf eine 
Angaben iiber die 


\nsicht. Ent 


as the magnitude of the lattice strains, influences 


the degree of solid solution hardening. There has 


been speculation in the case of the transition 


elements whether d-shell electrons are a significant 
factor in plastic deformation. This paper presents 
the preliminary results of a continuing investiga- 
tion to evaluate the role played by d-level electrons. 
A critical analysis of these and additional data 
now being obtained will be reported in a future 
paper. 

Two alloy systems, nickel-iron and _nickel- 
cobalt, are uniquely suited since the strain energy 
interaction, due to difference in atom size, should 
be very small. Table I lists some of the physical 
properties of iron, cobalt and nickel. It may be 
noted that all three elements have almost identical 
the Each 


the crystal 


atomic radii in elemental state. has 


two 4s electrons in the gaseous state; 


structures of each of the three elements are face- 


rABLE I 


PHYSICAL AND CHEMICAI 


Atomic radii at 
20°C, Angstroms 
(3 the distance 


Outer electron 


levels 
trographi 


of ( lose st 


approat h 
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PROPERTIES O 


Electrode 
potential 


volts Keal 


IRON, COBALT AND NICKEI 


\tomic saturation 
moment at 
absolute zero 


Work of 


cohesion 


Compressi- 


bility, .x 107 (Bohr magnetons 


mol per atom 


141 94 


85 ‘ 0 


tResearch Engineer, University of California, Berkeley 


‘alifornia. 


lata | 
Element 3rd 1s 
[ror 6 2 1.24 0 5.9 2.22 
Nickel S 2 1.24 0.231 61 


ZACKAY 
centered-cubic at elevated temperatures. In addi- 
tion, the magnetic saturation moments of cobalt 
and iron are nearly equal, but they differ from 
that of nickel. An analysis of the plastic properties 
of these two alloy systems based on consideration 
of their electronic configuration, as revealed by 
measured physical and magnetic properties, pro- 
vides useful information. 


Materials and Test Conditions 


Both nickel-cobalt and nickel-iron alloy systems 
are characterized by complete solid solubility at 
elevated temperatures, although their solubilities 
restricted at lower because of 


are temperatures 


phase changes. Three compositions of each of 
these alloy systems, all within the solid solution 
range at test temperatures, were selected for this 
investigation. 

The nickel base-metal was prepared by refining 
Mond pellets by decarburizing, deoxidizing and 
[1]. 


per 


previously 


99.95 


treatments described 


degassing 
This procedure resulted in nickel of 


cent purity. Relatively high-purity cobalt and 


iron were added to it to form the alloys, whose 


chemical compositions are tabulated in Table II. 


TABLE II 


CHEMICAL ANALYSES OI 


1 
001 


001 
OO! 


001 


001 001 
001 
003 003 


The 


cold-worked 


cast ingots were forged and subsequently 
in a series of reductions with inter- 


size. All 


specimens were annealed at 1000°C for 1} hours 


mediate anneals to stabilize the grain 


after final machining. 

Pure nickel and the six alloys were creep tested 
at 700°C and 5750 psi stress, using the tandem- 
type specimens and equipment previously des- 
cribed [2]. Similar specimens were used for constant 
700°C. 


ature stress-strain data, on the other hand, were 


strain-rate tensile tests at Room temper- 


obtained from specimens using extensometers 


clamped directly onto the reduced section. All 
tensile specimens were tested at a constant strain 
rate of 0.27%/min. 

A discontinuity in the elastic modulus occurs 


HAZLE 


~-KEL ALLOYS 


at the Curie temperature of pure nickel as il- 


[3]. Since a break in the curve 


lustrated in Figure ] 
at this point reflects the influence of the d-shell 


electrons on the modulus, further information 


concerning plastic properties in this temperature 


lempe rature de p nade 


series ol tensile 


Therefore, a 
the 300°C—400°C range 


range was desired. 


tests emphasizing was 
performed. 


sion Lattice Constants 


The difference in atomic radii of the host and 


foreign atoms has been established as one factor 
which affects the degree of solid solution hardening 
[4]. Thus the 
under consideration 


lattice 


the lattice parameters of alloys 


were measured to determine 


the extent of distortion resulting from 


allov additions. These determinations were carried 


out using the analytical procedure of Nelson and 


Riley (D5). 


Electrical Reststiz ity 


Electrical resistivity measurements were secured 


to assist in the analysis of the electronic con- 


figuration of the solid state. Strip specimens, 


one-half inch wide and one-eighth inch thick 


were utilized. The potential drop across a six- 
means otf a Lee 


\ll measur 


temperatul 


inch length was measured by 


and Northrup Kelvin double bridge. 


ments were corrected to the same 


20°C. 
Experimental Results 


Stress-strain curves determined for pure nickel 


and for each of the alloys are shown in Figures 


2 and 3 for the 30°C tests, and in Figures 4 and 5 


for those performed at 700°C. Examination of 
Figures 2 and 4 reveals that the tensile properties 
alloys are clustered into a 


The 


scatter 


of the nickel-cobalt 


relatively narrow band. high temperature 


data on these alloys about the pure- 


nickel curve in a random manner. Stress-strain 


= 
ot kel 
element per cent Cu Mn Fe Co Meg 
Iror 2.55 003 | 020 002 
9.77 003 020 .002 
Cobalt 2.43 034 005 020 002 
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FicurE 4. Tensile 
ae I ke ] cob. it alloy S al 700 
illoys é 
curves of the nickel-iron alloys, on the other 
hand, are influenced markedly at both test temper- 
atures by the iron content 


as shown in 
3 and 5. 


Creep curves of each of the alloy systems are 
logarithm 
The time-dependent 


shown on plots in Figures 6 and 7. 
Figures is used, thereby 
following the creep-data relationships previously 
proposed \gain, it 


OnLY 


IS apparent that the addition 
of cobalt has little effect on the creep resi 


istance 


FIGURE 3. 
alloy sat 30°C 


Tensile stress-strain curves nickel-iron FIGURE 5. Tensile stress-strain curves for nickel-iron 
alloys at 700°C. 
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of nickel at 700°C, while iron is an 


strengthening addition. 


effective Results of th electri 
illustrate 

Variations of the lattice parameters with allo pure nickel at room 

content are given in Figure 8. The linear relation- increased bv the add 


the latter has a more 


FIGURI 


Data trom the series ol tensile tests on pure 
nickel which were pulled at various te1 


ii} 


from 30°C to 700°C are summarized in Figure 


where the flow-stress required to produce 


strain is plotted against the test te 


Data for four different val 


aiscontil 


tempel 


FIGURI 


ship between solid-solution alloy content an 
lattice strains is readily apparent. Che addition 
of cobalt has little effect on the lattice dimensions, 
while iron increases the parameters by a significant 
amount. 


Discussion 


Referring to | ible I, the ele trode potent 


nit kel and cobalt In t] im<¢é oxidati 
definitely similar, while iron is 
\lso the values of work of cohesion 


yressibility, which are generally consider 
FIGURE 8. Effect of alloying elements on the lattice 


constant of nickel at 25°C. ive of bonding, are approxim itely the 
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nickel and cobalt but are significantly different 
for iron..On the basis of the striking similarity 
of properties it might be inferred that the addition 
of cobalt should have a small effect on the plastic 
properties of nickel. This would not be expected 
for iron as the solute element. 
Figure 8, the 


Referring to addition of cobalt 


has only a slight effect on the lattice parameter of 


pure nickel. Iron produces a substantial increase 


in lattice strain which indicates a possible differ- 


ence in bonding between the two elements as 
might be expec ted from their respective properties. 

The addition of cobalt has only a small effect 
on the plastic properties of nickel. This is indicated 
by the tensile stress-strain curves at 30°C and at 
700°C for the Figures 2 
and 


the same alloys. 


nickel-cobalt alloy s in 


and in the creep curves of Figure 6 for 
Comparable data on the nickel-iron alloys are 
case the 


both 


shown in Figures 3, 5, and 7. In this 


strength and creep resistance are 


substantially increased as the iron content is 
increased. 

Nickel is ferromagnetic below, and paramagnetic 
350°C. Since 


associated with d-level electrons, any discontinuity 


ibove, magnet properties are 


in plastic properties at this temperature would 


the influence of these electrons. In Figure 


350°C. 


reflect 


does occur at From 


10, a discontinuity 


elementary magnetic domain considerations only, 


the change may be interpreted as a weakening 


ibove tl > temperature. 


Summary 


Several phy sical and chemical properties of the 


elements indicate an equivalence 


cobalt. For 


ferromagnet 


bonding for nickel and 


F 
of solid-state 


example, the values of work of cohesion, com- 


ind oxidation potential are prat tically 


pressibility 


dentical for nickel 


ind cobalt. They are not the 


same for iron. 
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Experimental data on the plastic properties 
of nickel-base cobalt and iron alloys support this 
The cobalt 


small effect on tensile properties of pure nickel 


addition of has only a 


conclusion. 
at room temperature and at elevated temperature. 


A similar behavior is observed in creep tests of 
the same alloys. As might be expected, cobalt has 
practically no effect on the lattice parameter 
of nickel. 

Comparable tensile and creep data on nickel- 
iron alloys show that iron substantially solution- 
hardens nickel. 

In the case of pure nickel, a sharp discontinuity 
in plastic behavior was noted at the Curie temper- 
ature, and may be tentatively explained on the 


basis of elementary domain theory. 
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TERNARY ALLOYS FORMED BY ALUMINIUM, TRANSITIONAL 
METALS AND DIVALENT METALS* 


G. V. RAYNOR, C. R. FAULKNER, J. D. NODEN and A. R. HARDING 


A general survey has been made, by metallog 
of extracted crystals, of the constitutions of the alloys of 
nickel, of aluminium and magnesium with cobalt, and of 
and iron. In the latter two systems, new ternary compou 
discovered in equilibrium with the aluminium-rich solid solutior 
brium with the aluminium-rich alloys occur in the other 
phase separates from zinc-rich alloys in the system Al-Ni-Z 
the zinc-rich solid solution. The outstanding feature of the 
zinc-rich melts, at low temperatures, of the high-melti 
CooAlg; these phases persist in equilibrium with the zi! 
Al-Ni-Zn, NizAl3; as well as NiAl; is found in zinc-rich alloys, 
melting phase CoAl enters into equilibrium with the magnesium-ri 
only a phase derived irom FeAl " and none ot the more 1rol rich alul 
found in equilibrium with zinc in the system Al-Fe-Zn. The main featu 
cussed in terms of the free energies of phases present, and the d 
previous work, lead to a better unde rstandit F Ol the factors « 
rich ternary compounds. 


ata, t 


\LLIAGES TER IRES FORMES PAR L’ALUMINIUM, DES 
I ET DES METAUX BIVALENTS 


Un examen général des constitutions des alliages d’alumi 
d’aluminium et magnesium avec le cobalt, et d’alumi 
a été fait au moyen de méthedes métallographiques et 
extraits. Dans les deux derniers systémes d’alliages, 
Fe Be7Al; ont été découverts en équilibre avec las lute 
systemes étudiés, aucun composé ternaire 
aluminium; une pl i 
Al-Ni-Zn, mals ‘entre pas en équil bre av 
tic uliére d 1 systeme \l-Co-Zn est le dépdt 
zinc, en pl is de CooAls, des phast s CoAl et 
restent e éq uilibre avec la solutio solide 


\l-Ni-Z > Ni \l ainsi que Ni \l apparal 


lase ternaire on-identifié 


téme Al-Co Mg la phase CoAl, fo dant 
solide riche en magnesium. Par ont 
de x Als, est i 


composés aluminium-fer, 


f 
termes des°é lergies libres des phases e! 
antérieurs, conduise au meilleure « 


riches en 


TERNARE LEGIERUNGEN VON ALUMINIUM, RGANGSMETALLEN UND 
ZWEIWERTIGEN METALLEN 


Eine umtlase I rsucn y ie fbaus ) 
Eisen, Kobalt u ickel, in im 1 Mag 
Berylliums mit angan u isen wurde mit Hilfe 
kristallographi I let | Inter mn ae 
ternare Verbindun 
Lésung ck 


Gl hgewi ht mit 


Legier 


kann von der zinl 

Gleichgewicht mit ikrei 
Systems Al-Co-Zn ist die Abschei 
mit CosAly bei niedrigen Temper: 
gewl ht mit den zinkreichen feste 
Zn, NisAls und NiAl; in den zinkrei 
zende Phase CoAl im Gleichgewicht 

dazu tritt im System Al-FeZn nur eine Phase 
minium-Eisen Verbindungen im Gleichgewicht 
Gleichgewichte werden vom Standpunkt der 
diese Daten zusammen mit de ni 

der Faktoren, die die Bild ing vo 


I. Introduction stitutions of ternary aluminium-rich alloys contain 
In recent years, a systematic survey of the con- ing transitional metals of the first long period of the 
— —— = — periodic table has been in progress in the authors’ 


*Received May 8, 1953 , a ie laboratory. The main conclusions to be drawn trom 
{Department of Metallurgy, University of Birmingham, 


England. 
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this work have been discussed by Pratt and Raynor 


Z ( Vvitn ( coDalit 
ind FesBe7Alz have be 
l ientihned tet 
.-Zn is the deposit f 
ind Co,Al iddition t 
O Similarl the vste 
ystem Al-Co-Mg the hig 
lid solution. By contrast 
ninium-iron compo 
es of the e libria are d 
together with the result f 
le formation a m m 
ium et zinc avec le fer. col + at oles 
et beryllium avec le manganése et le fet 
sX,a q pal l’exa de 
eaux tel LIT MM Be et 
slide riche « 1) le 
es libre ec la solut solide riche « 
a I he ¢ | racte Stic pa 
perature partir dé 
j e e te Ine tire ’ ry} 
D’ e fac lable ‘ ‘ 
Ar ssent da l illiages riches il le 
da le systém«s \l-I Z leme t 
le ( sans Qu auculi pl plus i¢ 
iractel tigue¢ pri pales de équilibre 
pres¢ ce ces dado ées coml ees a re It ( I 
ies facteul iffectant la fo OSK 
ternaires tluminium 
der aluminiumreichen festen | g auf. Eine nicht e e P 
1 Al-Ni-Zn getre t werd é 
Die bemerk« verteste | 
hschmelz Phase CoAl u CoA 
creiche Schmelze. Diese Pha Gl 
stind Entspre end etc 
or wihrend im System Al-( \I¢ 
ines reiche f¢ | t. | 
ius dem FeAl ke eiteren \ 
Z aul Dic che ( 
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who point out that the presence of transitional 


‘tals etfectivel prevents some of the valency 


ns contributed to structures of ternary 
1e other components from contribut- 


Brillouin Zone. 


only of 


to the first This regularity of 


behaviour is characteristic svstems where 


the solvent metal is polyvalent, and is not observed 
to the same extent for ternary alloys based on zinc. 
In order to examine the problem further, systemati 
data are required for alloys of aluminium and a 
transitional metal with divalent metals, so that the 
equilibria at both the aluminium-rich and divalent 
metal-rich corners of the equilibrium model may be 


\lloy 


invest igated include: 


defined. systems of this class previously 


\l-Mn-Zn Al-Cr-Mg [4], 
\l-Fe-Meg [6]. 


AL-Cr-Zn [2], 
Al-Mn-Mg [5] 


and 


The present paper reports work carried out on the 
constitutions of the alloys of aluminium and zin« 
with iron, cobalt and nickel, and of aluminium and 
magnesium with cobalt. As the work proceeded, it 
became desirable to include the systems Al-Mn-Be 


Al-Fe-Be, 


des« ribed 


and the investigation of which is also 


II. General Experimental Methods 


Che alloy 


graphic examination of slowly cooled ingots, and of 


systems were investigated by metallo- 
hill-cast specimens which had been quenched after 
long annealing periods. Interpretations were checked 
bi X-ray 


intermediate 


examination of annealed allovs and of 


yhases separated electrolvticalh or 
both 


Sele ted 


otherwise irom annealed cooled 


and slowly 


samples of extracted crystals 


specimens. 


| 
also analy 


were sed chemically. In general the 


methods idopted correspond closely, with those 


described lier papers on similar systems 


no further discussion will be given 


re. Any 


referred to in the following sections in connection 


deviation from the standard practice is 


with the particular alloy system involved. 


Ill. Materials Used 


The alloys examined in this investigation were 
prepared from the following materials: 

a) Superpure aluminium (99.9977), kindly pre- 
sented by the British Aluminium Company Ltd. 
(b) Magnesium, obtained from Magnesium Elek- 
tron, Ltd., in which the main impurity was zinc 
(0.01% 


0.029%. 


the remaining impurities totalled only 
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c) Zinc of two grades of purity, kindly presented 
bv the Imperial Smelting Corporation. 
graphically pure metal (Pb, 0.0001°, ; Cd, 0.00005%% ; 
Ca, 0.0001°% 


intended for annealing and quenching experiments, 


Spectro- 
which was reserved for zinc-rich alloys 
work. (77) “Crown Special” 


Cd, 0.001%; Fe, 0.001%; 


used for exploratory 


and for other critical 
material (Pb, 0.0007°; 
Cu, 0.0002%) which was 
experiments. 

ad Spectrographically standardized iron obtained 
from Messrs. Johnson, Matthey and Company Ltd., 
in the form of 1 mm. diameter wire, which was used 
For 


for the majority of the iron-bearing alloys. 


certain exploratory and less critical experiments on 
allovs containing less than 1.75°7 of iron, Armco iron 
0.01°,, of Si and P; 


0.080%: 


wire was used. This contained 
the other impurities were Mn, 0.44); ¢ 
S, 0.0407. 

e) Pure nickel, obtained from Messrs. British 
Timken, Ltd., 
0.03%; Fe, 0.025%; 

Aluminium-manganese master alloys contain- 
ing 5.15, 9.8 and 12.95% 
were Cu, 0.001 to 0.0025% 


g) Aluminium-iron and aluminium-cobalt master 


in the form of shot containing C, 
Cu, 0.0035 O0.001°,. 


of Mn. The chief impurities 
Si, 0.0025 to 0.004. 


alloys with the following compositions: 


Fe n Si G Cu & 
\l-Fe 5.85 0.01 0.01 


0.0015 
\l-Co 0.014 0.006 0.0065 0.0045 


aluminium-beryllium master allov, con- 


h) An 
taining 5% of Be, and the following impurities: 
0.02%: Mg, 0.004%. 


Since 
alloys proved to be small, the impurities introduced 


the required bervllium additions for critical 


into the ternary alloys were correspondingly reduced. 


Zinc-rich iron-zinc, nickel-zinc and cobalt-zince 


master alloys, which were prepared in the authors’ 


laboratory by direct solution of iron, cobalt (electro- 


lytic) or nickel in molten zinc. The methods em- 


ployed are described below. 


IV. The Binary Systems 
he aluminium-rich portions of the binary equili- 
brium diagrams for the alloys of aluminium with 


manganese, iron, cobalt and nickel have been 


presented and discussed in previous publications 


1; 3; 7; 8], and little further comment is necessary. 


The binary intermediate phases of interest to the 


present investigation are as follows: 


630 
electro 
ompot 
Co ¢ 
o &% 
2; 3; an’ 


RAYNOR 


MnAl 
FeAl,* 
CooAl 


NiAl 


MnAl, 
FeAl 
Co Aly 
NiAl 


MnAl, 
FeAl 
Co,Al 
NicAl 


\l-Mn system: 
\l-Fe 
\l-Co system: 
AI-Nissy 


system: 
CoAl 


em: 


According to the X-ray investigations of Bradley 
and Taylor [9], the phase FeAl 
cooling into FesAl; and FesAl;; the transformation 


temperature, though known to be below 600°C and 


decomposes on 


probably in the region of 500°C, is not acc urately 
established. 

The equilibrium diagrams of the systems alumin- 
ium-zinc [10] and aluminium-magnesium [11] are 
well established over the whole composition range. 
No intermediate compounds exist in the former; the 
latter contains intermediate phases based on Me Al ; 
and Megi7Aly. The aluminium-beryllium system is 
less well established, but the region of interest to 
present work is known accurately [12; 13; 14]. The 
solid solubility of beryllium in aluminium lies below 
0.1] per cent, and a eutectic corresponding to the 
separation of aluminium and beryllium occurs at 
0.87 per cent of beryllium (645°C 

The zinc-rich portions of the iron-zinc, cobalt- 
ol 


and nickel-zinc equilibrium diagrams are 


it to be 


zim 
considerable interest, but is thought un 
to reproduce them here. The iron-zin 
15]. 
case a zinc-rich phase with the y-brass structure 1s 
formed (X;Zn2;, where X represents the transitional 
metal). According to previous work, the equilibrium 


be 


necessary 


diagram has been recently discussed In each 


relationships for the three systems may sum- 


marized as follows: 
(a) Fe-Zn 15]: FesZno, 


cally with the liquid at 668°C to form épez, which 


system reacts perites ti- 


transforms to 6’yezn at lower temperatures. Both 


6 phases are of unknown crystal structure. 6’ pez; 
reacts peritectically at 530°C to form the most zinc- 
rich phase, which is denoted (gezn, is Monoclinic and 
corresponds to a narrow homogeneity range in the 
region of FeZn,3. 

(b) Co-Zn system [16]: Co;Zno reacts peritet ti- 
cally to form d¢cozn at 746°C; bcoz, transforms into 
5’cozn, Which reacts with the liquid at 566°C to form 
fcozn, the most zinc-rich phase, which appears to 
correspond with CoZn,3. 

(c) Ni-Zn system [17]: in this case only one phase 
(6xizn, NiZng) occurs between the y-brass structure 
and the zinc-rich solid solution. 


In each case the final eutectic solidification occurs 

*The limiting solid solution of aluminium in body-centred 
cubic iron approximates to the composition FeAl, and should 
be considered in addition to the intermediate phases 
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very low transitional metal content, and at a 


temperature almost coincident with the freezing 


point of zinc. 

The 
magnesium equilibrium diagram has been investi 
gated by Cramer, Nielson and Schonfield [18 


magnesium-rich portion of the cobalt 


who 
observed the compound \le Co at 54.8 per cent ol 
cobalt. This phase and magnesium containing very 


of cobalt is a eutecti 


amounts separate 


small 
1.5 per cent of cobalt (63 
Since, in the present work, equilibrium relations 


Be 


allovs, the systems manganese-beryllium 


were not examined in beryllium-rich and 

\l-Fe-Be 

and iron-beryllium are not described. 

V. The Ternary System Aluminium- 
Iron-Zinc 

Work 

ol 


Previous 
Che 
\Mondolfo 
20) 


b 


Fuss 


vivel»n 
ol 
No ternary compounds 


primary separation 


surtaces 


19], and based upon the work 


are shown in Figure | 


Aluminium 

30 40 50 60 

Zinc, Weight % 


io 20 


are reported ; a ternary eutect involving \] the 


iluminium-rich solid solution (a 


solid solution (8 
94 


oc’ t and ipproxima 


ursa 


conclusions have been 


of zinc. Similar 
Maver [21 \ccording Viondolto, 


solid zinc and aluminium enter into equilibrium wit! 


Ke 


cent 
by 


pel 


reached to 


\l-;, but no isothermal sections are availabl 


Wethod 


methods were 


E vperimentia 


Previously, described used, pt 


lovs | hese 


for the preparation of zinc-rich master al 


were made by annealing for 7 days with frequent 


agitation, at a temperature 25°C above the liquidus 


for the required iron content, quantities of zinc and 
iron weighed into a hard glass tube which was sub- 


\fter the 


alloys were examined metallographically; 


250 CO! 


sequently evacuated. rapidly cooling 


no tree 


iron was observed. Quantities of itaining 


up to 3 per cent of iron were readily obtained; the 


intended compositions were accurately attained, 


and the method proved superior to that of reducing 


Master 


anhydrous ferric chloride with molten zin¢ 


Mo 
20 
FeAl FeZr 
10/ 
4 
Zinc 
° 70 80 90 100 
| | Siuirface f n eparat 
\ Z ( ) 
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alloys prepared by the annealing process were 


analvsed ior silicon, because of the possibility of 
contamination by this element, and in no case was 
more than 0.01 per cent recorded. As a precaution 
against inhomogeneity, the allovs were remelted 
after preparation, stirred, and granulated by pouring 
into cold water. 

Alloys examined metallographically consisted of 
hard intermetallic compound particles in a matrix of 
aluminium-rich or zinc-rich solid solution. The com- 
pounds encountered were FeAl; (or a zinc-bearing 


phase derived from it), 6’peznand €Fezn; as indicated 


above, FeAl; may decompose into FeAl; and FesAl;, 
no metallographic evidence of this was ob- 
this 


, except where there is pe sitive 


but 


Consequently phase is referred to 


as FeAl 


that the equilibrium constituent at low 


tained. 
throughout 
evidence 
temperatures shows differences from FeAl. In the 
course of the work many etching reagents were used, 
ind the recognition of FeAl presented no difficulty. 
The aluminium-rich a solid solution was darkened 
immersion at 20°C in an 
0.5%), HNO; (1.5% 


\lloys with more than 30 per cent of 


uniformly by 15 sec. 


aqueous mixture of HF and 


HCI (2.5% 


tray ersed 


zinc the (a + a’) region on quenching, 


and showed a fine decomposition structure; for these 
alloys, and zinc-rich alloys, the mixed acid reagent 
was diluted to halt strength. The zinc-rich 6 solid 
solution was best etched by immersion in, or swab- 
bing with, 10 per cent aqueous sodium or potassium 
hydroxide. Difficulty was initially experienced in 
distinguishing 6’pezn from and particularly 
in revealing the presence (in the latter) of 6’pezn 
the 
Further work showed this reaction to be 
rapid, and generally completed on cooling at 32°C 


cores, arising from + liquid = 


reaction. 


min. Rimming of 6’pezn by frezn Was, however, 
observed after rapid cooling, and with experience 
satisfactory differentiation of the two phases was 
obtained, using an etching procedure based upon 


that recommended by Schramm [22]. 


Experimental Results 

For the description of the results reported in this 
and later sections, it is convenient to refer to indi- 
vidual alloys in terms of the percentage (by weight) 
of transitional metal and divalent metal. Thus, in the 
present section, “alloy 3/40” refers to material 
containing 3 per cent of iron and 40 per cent of zinc. 
Over 150 alloys were examined; approximately half 
were slowly cooled from the liquid state, and the 
remainder annealed to equilibrium in the solid state. 

(i) Slowly cooled alloys. Results for alloys cooled 
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from the liquid at ?°C/min. are summarized in 


Figures 2 and 3.* Primary crystals with the charac- 
teristics of FeAl; are deposited over most of the com- 


position range investigated. The crystals in several 


of the alloys were extracted by anodic solution of the 
matrix and X-ray powder diffraction patterns were 
obtained, using cobalt or iron A, radiation. Crystals 
from alloys containing up to 60 per cent of zinc gave 
that 
from FeAl; deposited from binary Al-Fe alloys under 


diffraction patterns identical with obtained 


the same conditions of slow cooling. Further experi- 
that 
obtained 


ments showed indistinguishable diffraction 


patterns were from binary compound 


crystals extracted from alloys which had _ been 


(a) slowly cooled, (b) quenched from above the 
suspected transformation after annealing for four 
days at 600°C or overnight at 700°C and (c) quenched 
the suspected transformation after 


that under the conditions of the present experiments 


from below 


annealing for 16 weeks at The inference is 
FeAl; does not decompose. The diffraction patterns 
from alloys 96.5 and 0.75/98.0, however, showed 
slight but differences that of 
FeAl;. Since it that decomposition to 
Fe.Al; does not occur in the pure binary alloys under 


characteristic from 


appears 


our conditions, and since crystals from these zinc- 
rich alloys have compositions very close to those of 
aluminium-rich alloys, the inter- 


crvstals from 


metallic compound separating at high zinc contents 
FeAl;’. Analytical 


referred to below, suggests that the structural change 


has been denoted evidence, 


occurs for zinc contents, in the parent alloy, of 78.5 
to 83 per cent; this corresponds with a temperature 
170°C. The differentiation from 


FeAl; is so slight that the primary field in Figures 2 


of approximately 


and 3 has not been divided by any “reaction line.”’ 


The FeAl 


a eutectic valley approaches the Al-Zn 


> 
T 


T 


Primary FeAl, 


Iron, Weight % 


Zine Weight % 


>, 
FIGURE 2. 


Surfaces of primary separation: system Al-Fe-Zn. 
Key: Primary a 


>; primary FeAl; or FeAl 


*For ternary diagrams in which the scales of the binary 
axes differ, rectangular axes have been used for simplicity. 


a 4 
= 4 A 4 
al | 
O Primary & 4. 
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axis with increasing zinc content, and is very close 
to it at zinc contents exceeding 80 per cent. The 
composition of the ternary eutectic (liquid =a 4 
8 + FeAl,’) almost coincides with that of the binary 
reaction, as shown by the presence of primary com- 
pound particles in alloy 0.04/95. The primary com- 
eutectic 


KeAl 


pound field extends beyond the ternary 


point; the secondary depositions of both (a + 


Zinc, Weight . 4 


Zn-rich 
primary 


Orezn 


FIGURE 3. Surfaces of primary 
of system Al-Fe-Zn Key 
with reaction rims of 6’pezn OF Crezn 
primary 


separatiol 
FeAl,’ A; 


primary 


Primary 
{FeZn 


or FeAl,’) 


The extensive FeAl;-FeAl;’ field is subdivided by a 


and (8 + FeAl,’) are therefore observed. 


line stretching from the zinc-rich corner of the dia- 
gram to the composition of FeAl;. Alloys ly ing on the 
aluminium-rich side of this line deposit primary 
crystals, and the composition of the remaining liquid 
eventually reaches the boundary between the FeAl,- 
FeAl,’ and 8 fields, so that solidification proceeds by 
the codeposition of FeAl;’ and 8 and is completed at 
the ternary eutectic. Alloys lying to the iron-rich 
side, however, crystallize so that the composition of 
the remaining liquid reaches the boundary between 
the FeAl,’ and 6’ Or Crezn fields. Here the FeAl,’ 
reacts peritectically with the liquid, leading to 
observable rimming. The 6’pezn and Cyezy fields lie 
close to the iron-zinc axis of the diagram; only alloys 
1/98.85 and 0.15/99.75 deposited uncored fpezn 
crystals. As noted above, the primary 6’pezn and 
Crezn fields cannot be distinguished by examining 
slowly cooled alloys, owing to the high rate of trans- 
formation of 6’gezn into The binary iron-zin 
alloys represented in Figures 2 and 3 were therefore 
rapidly cooled to detect the presence of 6’ rezn Cores. 
Diffraction patterns were obtained from extracted 
Crezn crystals. Thirty-eight lines were measured to 
facilitate comparison with details given by Schramm 
[17], and excellent agreement was obtained. 

(ii) Annealed alloys. The investigation began 
with the aluminium-rich alloys whose compositions 
and annealing treatments are given in Table I. 

The the initial 
treatment remained unchanged on further anneal- 


microstructures observed after 


1.10/30 


, 2.64 
1.46/2 


30, 


All alloys consisted of a and hard compound 
Since CI 


ing. 
crystals indistinguishable from FeAl] stals 
extracted from chill-cast binary alloys annealed for 4 
davs at 600°C, or for 112 davs at 470°C and qu nched, 
al diffraction microstruc- 
ire 
125°C are 


FeAl,’). 


\lore extensive work was carried out 


identi 
600 


cave patterns, the 


tures at and interpreted 


FeAl 


regarded aS 


aS a 
hose at most probably to be 
it 370°C, at 
which temperature FeAl,’ is stable. The results are 


given in Figures 4 and 5, with the exception of those 


\2 
a+ FeAl;+ 


~ 


82 
Zinc Weight 


FeAl 


97 
Zinc, Weight %o 
FIGURI 


FeAl 


for seven alloys equally spaced between the com- 


positions 5.85/0 and 1.75/70, which showed (a 


+ FeAl,’ 


30 days. 


microstructures after annealing for 21 to 


The results plotted were obtained from 


for 30 to 35 and further 


+ FeAl,’ 


field persists to 82 per cent of zinc at low iron con- 


alloys annealed days, 


annealing produced no change. The (a 
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TABLE | 
\llo ea re ( t 
2.93/0, 2.64/5, 2.34/10, 5/0, 4/1 
3/2, 2/3, 1/4, 5/5. 3/7. 1/9 14 + 17 « t 600°C 
2.93/0, 2.64/5, 2.34/10, 5/5 
5.23/10, 4.68/20, /40 + 14 00°" 
2.93/0 2.34/10, 2.1/15 
\ ~ ? : 
\. A 4 A 4 0.59/40, 0.3/45, 0/50 21 98 125°C 
\ 4 € 
\ 
FeAl; % 
e 4 ° 
\ rN AE 
\ 4 oe. 
a 
93 94 95 96 97 98 99 100 
? 
4 
953 
+ FeAl, bd 
ae 
«+h 
FIGURE 4. System Al-Fe-Z | FeA 
dary at 370°C In t equent ¢ 
x + FeAl + 8 e. 
= 
= 
X+FeAls+B 
xv + FeAl,’ + 8 O@; 8 FeAl 
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tents, while the a solid solution field is of negligible 
The (a + FeAl,’ 
FeAl;’) / (8 + FeAl,’ 


difficulty 


width at high zinc contents. 


+ FeAl 


boundaries are 


and 
located, but 


p 
satisfactorily 
arises with the appearance of {rezn, particles of which 
contained minute traces of iron-aluminium compound 
which could not be absorbed on protracted anneal- 
ing. These cores were very small, and since individual 
particles of iron-aluminium compound were also 
observed, it is probable that the boundary shown in 
Figure 5 approximates closely to equilibrium condi- 
tions. The boundaries located are consistent with 
extrapolation to the composition characteristic of 
FeAl; on the binary aluminium-iron axis. 

lhe position ot the (a + FeAl,;’)/(a + B + FeAl,’ 
350°C, 


boundary was also located at as shown in 


Figure 6. 


80 
Zinc , Weight 
FIGURE 6 FeAl 


boundary 


(iii) Compositions of extracted crystals. Crystals 


of FeAl 


alloys with zinc contents ranging from 10 to 90 per 


and FeAl,’ separated from slowly cooled 


cent were analysed chemically. The results are given 
in Table II, 


Figure 8 shows the variation of the zinc 


and plotted in atomic percentages in 
Figure 7. 
and iron contents of the crystals, in terms of the zinc 
content of the original alloy. The results for alloys 
0.9/83.5 and 0.6/90 appear anomalous. It is pre- 
cisely in this composition range that the diffraction 


patterns of extracted crystals differ slightly from 


! 2 
Zinc , Atomic Se 


Compositions of extracted FeAl; crystals: sys- 
The numbers | to 8 correspond with those in 


FIGURE 7. 
tem Al-Fe-Zn 
lable IT. 
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Iron, We% in crystals 


s 
Gi 


nN 


Zine, Wt in eryst 


30 40 50 60 70 80 90 


Zinc, Weight % in tlowly cooled alloy 


FiGuRE 8. Variation of zinc and iron contents of extractec 


FeAl, crystals. 

that of FeAl, and it is very probable that the results 
for alloys 3/10 to 1.3 
of zinc in FeAl;, while those for 0.9 83.5 and 0.6/90 
represent the corresponding solubility in FeAl,’. If it 


78.5 represent the solubility 


rABLE II 


Alloy ( omposition 


> 


S3 
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WwW WwW 


38 
38.79 


38.11 


is assumed that the effect of the structural modifica- 


tion of FeAl . caused at low temperatures in the 
presence of zinc, is markedly to contract the homo- 
geneity range of the phase in terms of iron and 
aluminium (that is, parallel to the aluminium-iron 
axis), the peculiar form of the results shown in 


Figure 8 may be interpreted. Figure 9 shows, dia- 


Zinc, % 


FIGURE 9. Homogeneity range of FeAl; in the ternary 
system; diagrammatic. The straight lines attached to plotted 
points indicate tie-lines. 
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30 3 0.84 61.33 
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grammatically, possible forms of the homogeneity 
range of FeAl; in the ternary alloys at temperatures 
T, to 7s, decreasing in that order. In drawing this 
figure, it has been further assumed that at low tem- 
peratures zinc dissolves in FeAl, by the replacement 
of aluminium, which is reasonable if the slight 
structural alteration is due to zinc atoms occupying 
random, positions in the 


rather than 


As the tie lines alter their slopes with 


ordered, 

structure. 
increasing zinc content of the parent alloy, at the 
FeAl, 


will be possible, as indicated in the 


same time as the homogeneity range of 
shrinks, it 
Figure, for the composition of the deposited crystals 
to show first an increase in zinc content (points a, b, 
c, d, e), followed by a sharp decrease (point f). If, 
at this stage, there is a marked contraction of the 
homogeneity range, the regularity is disturbed, and 
the zinc content of the deposited crystals cannot 
fall below that corresponding to tangency of the tie 
line to the boundary. In this way the relatively low 
iron content for point g, and the high zinc content 
for point 4, may be understood. In view of these 
considerations, and also because the compositions 
of the crystals extracted from alloys 0.9/83.5 and 
0.6/90 are so close to those of crystals giving the 
normal FeAl; FeAl,’ is 


regarded as a separate phase, but merely as a modi- 


diffraction pattern, not 
fication of FeAl; which is stabilized at low tempera- 
tures by the presence of zinc.* 

Crystals of frezn OCCurring in ternary alloys were 
unsuitable for analysis, since they contained small 
FeAl;’ cores. Three samples were extracted from 


binary Fe-Zn alloys by anodic solution of the matrix 


in 2.5 per 
method suggested by Montoro [23] proved unsuit- 


cent aqueous hydrochloric acid; the 
able. Exposed {rezn crystals were unattacked while 
in contact with zinc, but suffered corrosion in the 
electrolyte when detached. Since this led to con- 
tamination by magnetic iron-rich material, the dis- 
solving ingot was frequently removed, lightly tapped 
to remove loose crystals, and the crystals immedi- 
ately washed and dried. The results given in Table 
III refer to specially sorted, non-magnetic, bright- 
surfaced samples. These figures may be compared 
with the homogeneity ranges reported by Schramm 
[24] (6.0 to 6.2 per cent of iron) and Montoro [2 
that 


Pal 


(6.0 to 6.5 cent of iron), and indicate 


samples separated from the melt may have iron 


per 
contents exceeding that of FeZn,;. FeZn,. therefore 


*It may be noted that we have been unable to produce 
diffraction patterns similar to that of FeAl,’ from pure Al-F‘ 
alloys, in spite of repeated attempts involving widely varving 
heat treatments. 


COMposIt1o 


0.9/99 
0.9/99 


0.45/99 


} 


appears more appropriate Lol describing the com- 


Crezn, since the extract from alloy 


position O 
0.45/99.45 would be expected to correspond to the 
zinc-rich limit of the homogeneity range. 

(iv Discussion. Che most significant aspect of the 
results is the persistence of FeAl;, or the FeAl,’ 
structure derived from it, in equilibrium with zinc- 
rich material. This behaviour contrasts sharply with 
that observed in Al-Mn-Zn alloys [3], where MnAlg, 
MnAl,, 6, MnAl; and MnAlI all enter into equilibrium 
with the liquid, with increasing zinc content, before 
is reached. The significance of 
No 


pound occurs, in equilibrium with either a or 8, in the 


Al-Fe-Zn system. 


the ternary eutectic 


this contrast is discussed below. ternary com- 


VI. The Ternary System Aluminium- 
Cobalt-Zinc 
Work 


No previous work on this system has been noted. 


(a) Previous 


(b) Experimental Methods 
Only 


requires comment. 


the preparation of zinc-rich master alloys 
rhe 


molten 


reduction of anhydrous 


cobalt chloride’ with was feasible, 
but better control of composition was obtained by 
direct solution of electrolytic cobalt in the molten 
metal, using the method described for Fe-Zn alloys 
and an annealing period of 14 days. The alloys con- 
tained no free cobalt and were non-magnetic; tests 
showed silicon contamination to be negligible 


CosAls, Co,Al 


and 8 


In the metallographic work, 
CoAl and & ozn Were observed in addition to a 


The 


satisfactory 


mixed acid reagent already described was 


for aluminium-rich alloys; 10 per cent 


aqueous Caustic soda was used for zince-rich material. 
The Al-Co compounds were difficult to distinguish 


from one another in etched sections, and -atel 


reliance was placed on examination of unetched 
sections. CooAlsy was grey to pale violet and in reliet : 
CoAl was deeper violet in colour, was globular in 
and in 


slowly cooled alloys, and was much harder 


greater relief than CosAly. CoyAl;3; was intermediate 
in both colour and relief. The identification of these 


phases was checked by X-ray work. fc¢ozn appeared 
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TABLE III 

\lloy Wt %Zn Wt % Fe 

LA 93.23 6.75 FeZ 

1B 6 86 Fe7 

6.60 FeZ 
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as a soft pinkish phase in the zinc-rich matrix, which 


was darkened by caustic soda. In certain alloys, 


i’cozn Was recognized as cores in {cozn crystals 


deposited on slow cooling 


Experimental Results 


i) Slowly cooled alloys. Alloys covering a wide 


composition range were slowly cooled from the 


al un. The 
Che 


liquid stat results are summarized 


in Figures 10 ode Fi. primary @ region again 


Primary Xv 
Co,Al,, 


x¥ 
aX \ Xe 


Primary Co2Al, 


Ab 
| 
loo — 


A 
Primary. 


Zine Weight % 


Cobalt, Weight % 


rv separation: system Al-Co- 
A; primary Co, ; 


raction pattern was obtained 


‘omes restricted with increasing zinc content, and 


the ternary eutectic is very close in composition to 


, as indicated by 
yoAly in 


3ecause of the complexity 


+ 6 eutectic 
allov 0.05 /94.95 
matrix 

X-ray 


crystals extracted 


the binary Liquid = a 


the structure of (primary Cc 


ternary eutectic 


of the system, diffraction patterns were 


obtained of from many 
10 and 11, 


with 


alloys; 
the 
complete the 
The field 
extends to a point close to the Al-Zn axis at 97.5 per 
The Co,Al,; field also persists at very 
contents; alloys 0.1/99.6 and 0.05/99.7 

addition to CoAl, secondary 
A primary CoAl field succeeds the 


these are indicated Figures and 


patterns were in agreement 


netallographic work. primary CooAly 
cent of 
high 
showed, in 
Co,Al, crystals. 

field. 


CoAl (ordered body-centred cubic structure) is clear 


zinc. 
zinc 


primary 


Che X-ray evidence for the presence of 


RGIC 
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proof of the absence of a primary CoeAl; field in the 
The CoAl 
Al-Fe-Zn system, is 


composition range investigated. 
field, like that of FeAl 
subdivided by a 
the 
primary phase. 


primary 
in the 
line stretching from the zinc-rich 
the the 


CoAl 


rimmed by 


diagram to 
On the 
crystals in slowly 

»44Al;3; on the 


rimmed by either 6’cozn OF fcozn, the primary fields 


corner of composition of 
aluminium-rich side, 
cooled alloys are 
cobalt-rich side, CoAl cry stals are 


for which are restricted to a narrow composition 


ir to the (¢ 
the 


region ne ‘o-Zn axis. Experiments intended 


to define zinc-rich limit of the 6’c¢oz, field were 


unsuccesstul, owing to the difficulty of recognizing 


very small 6’c, crystals. It may be 
and 1.0/99.0 
all gave extracts having the coz diffraction pattern. 

(11) Annealed al Initial 


Table IV. The 


allovs were (a + CooAlg 


gn cores 1n (cozn 


noted that allovs 0.5/99.5 


, 0.75/99.25 


loys. experiments are 


summarized in microstructures of all 


these Alloys richer in zine 


PABLE I\ 


600°C 


A+ + Co,Aly 


Zinc, Weiaht 


\l-Co-Zn; 
370 8 Key: a 


FIGURE 12. System 


boundary at 


\ ~\\ 
q 


90 92 94 96 
Zinc, Weiaht % 


Al-Co-Zn; equilibria in the 
are t+ CooAls 39;8+ CoAL,VY; 
8B + CocsAlg + DA: B + CogAli3 + CoAl 
8 + CoAl a4; B + CoAl + §Cozn @: Bao Scozn 


X denotes alloy from which a diffraction pattern was obtained. 


FIGURE 13. System 
corner at 370°C. Ke 


Zn-rich 


, 
| 
24 
Zn. Key: primary a primary ( 
\llovs \nnealing 
CoAL * 
5 
= 9 9 ~ - 
EE BB Do OK 1/1, 3/2, 2/3, 1/4, 0.5/4.5, 4/6, 3/7 
boo 2/8, 1/9, 0.5/9.5, 4.85/0 10 davs at 
\ 
/ 
Vv “SQ ON 2.43/0,2.18/5, 1.94/10, 1.69/15, 0.24/45 
92 96 38 0.43/40 18 days at 425°¢ 
Zinc, Weight “fo 
FIGURE 11. Surfaces of primary separatio Zn-rich alloys 
systen \l-Co-/ Aey: primary ( \ primary\ 
\] primat ] writ} 1 4A \ 
v prima Co,Al with seconda CoosAly yw 
primary CoAl primary CoAl with secondary Co,Al 
primary 8 A. X denotes illoy from which a diffractio d 
pa Was Ol i 
& + Co,Al, 
OWo o 
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o& = x z 
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were examined at 370°C: the results 


are civen in | igure 7 is absent, 
Figures 12 and 13, which 


1 agreement with the 
modification of the CooAl, 


zinc was detected in » X-ray 


are based on the examina- structural 
tion of alloys annealed for 45 to 78 days. The phase 


work 
fields included are in agreement with the slow-cooling 


taining more than 60 per cent of zin 
experiments. X-ray work on extracts from the alloys 


FAVE residues 
too small for analysis. Since primary ( \ly is found 
indicated in Figure 13 confirmed the metallography, at zinc contents exceeding that of the terna 


while the presence of fez» and zinc in alloy 3/96 was 
confirmed using filings of the alloy. Although 
alloy examined lay in the (6 + Co,Al, held, 


eutectic, the maximum zinc content of CosAls 
no probably considerably exceeds 5.53 

a Though no great reliance 

narrow two-phase field must exist as illustrated. extrapolation, towards 
Several a + CooAls a+ 
samples of extracted CooAly crvstals were analysed; 


O | boundaries ol 
the results are given in Table V, and plotted in 13, 


(11) Compositions of extracted crystals. 


this procedure suggests a limiting 
approximately 8 per cent of zinc in Co.Al 


Using methods similar to that described 
traction Ol (Fregn, TWO samples ol (Coz 

lloy composition t t tained no Cores, were obtained fron 


illovs of composition 0.5/99.5 \naly 


following results: 


92.64% Zn 


compositions le within the 


nomogen 


range quoted by Schramm [16 
atomic percentages in Figure 14. Figure 15 shows the { ( 


o) and by Gétzl, Halla 
6.9 to 8.2 per cent ot co 
the parent alloy; the type of discontinuity shown in spond to CoZnj,,» and CoZn 


zinc content of the crystals plotted against that of 


lV D USSLON nlike \] 


, does not entel! into equilib 
The ¢ \ly/Co,Al reaction 
t} 


he boundary of ‘ primary 6 field 


zinc, while the Co,Al). field 1 


IS eeded b 


LIne 


CoAl field extending almost to the Co-Zn 
B 


: CoAl, the highest melting phase in 1 
3 


comes into equilibrium 
Solute, Atomic % I 


phase In this respect, the stem 1 
FIGURI 14 Compositio of extracted Co I rvstal 


svstems Al-Co-Zn and Al-Co-Me {D—t pla Vin-Zn system No 1 rnary compoul 
of Al; AB replacement of Co 1 ¢ electron :aton 1t10 OF librium withaor O;1C1S ilso apparent that 
1.85 


does not enter into equilibrium with 6 


VII. The Ternary System Aluminium- 
Nickel-Zinc 
Since it was exper ted that NiAls, like FeAl 


CoesAly, would persist at zinc contents exceedin 


WD 


Electrons 


Zine, We % in erystals per Atom 


> 


and 


of the ternary eutectic in the ternary svstem wi 


zinc, experiments were confined to zinc-rich alloys. 


Previous Wor k 


io 20. 30 40 50 60 Restricted work on the 


ternar'\ system 


Zinc , Weight % in slowly cooled alloy ported by Fuss [26] who stated that, of the v irious 


Al-Ni phases, only NiAl; enters into equilibrium with 
FicurE 15. Variation of zinc content of extracted CosAls, 
crvstals. 8. No ternary compound was reported. 
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Structure 8) 
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3/10 0.93 32.54 66.50 
3/20 1.24 32 45 66.31 
3/2 2 32.4: 31 
3/30 1.55 3a. 15 
3/38 .2 2.26 32.88 64.86 
2/50 3.60 31.36 65.04 
| d Schramm [25] 
953 present results corre 
ee n the Al-Fe-Zn 
ae 19/ Im with 
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€ AB 0 bd ntersects 
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xis. Thus 
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Experimental Methods 

The techniques mentioned above were used for 
zinc-rich master alloy preparation. The relatively 
hard aluminium-transitional metal compounds were 
again best distinguished in unetched alloys, though 
10 per cent aqueous caustic soda, and a reagent con- 
sisting of 10 g. of potassium hydroxide and 10 g. of 
potassium ferricyanide in 100 cc. of water proved 
useful for revealing phases present in addition to a 
and 8. In slowly cooled alloys, a ternary phase 


P(AINiZn 


always in the form of larger crystals than NiAl 


was found; when primary, this was 


or NisAl;, and no difficulty was experienced in its 


rect ion. 


Experimental Result 


i) Slowly cooled alloys. Figure 16 summarizes the 


results of the examination of a limited series of zinc- 


rich alloys; extracts were obtained from the indi- 


Zinc, Weight % 


Surfaces of primary separation: zinc-rich alloys 
of system Al-Ni-Zn. Key: primary NiAl; A; primary Ni2Al 
primary NieAl; rimmed by NiAl ; primary T(AINiZn 
primary Ni;Z1 >; primary 6nizn VY; X denotes alloy 
which a diffraction pattern was obtained 


FIGURE 16 


from 


cated alloys, and though these were insufficient for 
chemical analysis, diffraction patterns were obtained 
and compared with those of NiAl;, NisAl;, NiAl, 
NiZng and Ni;Zn2; available from previous work or 
0.5/95.5 
gave a diffraction pattern identical with that of 
NiAl;. Those from alloys 2.5/95.5, 1.0/95.5, 1.5,/95.5 
2.0/95.5 and 1.5/97, 


NisAl;; representative films were measured and index- 


specially prepared. Extracts from alloy 


corres] vonded with 


however, 


ed, and the diffraction pattern proved to be identical 
with that given by Bradley and Taylor [27] for this 
phase Extracts from alloys 2.5/96, 2.5/96.5, 2.5/97, 
2.0/97, 


somewhat similar to that of NieAls;, but with signifi- 


1.0/95.5 and 1.5/98 gave diffraction patterns 


cant differences. Accurate measurement of the pat- 
tern given by crystals from alloy 1.5/98 showed that 
there was no correspondence with any of the binary 
Al-Ni phases, or with Ni;Zn2; or NiZng. The observed 


pattern was not consistent with a small modification 
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of NiAls o1 
mixture of phases, though small amounts of Ni;Zne, 


- NisAls, nor with diffraction from a major 


and NiZny may have been present. The positions and 
intensities of the lines remained constant throughout 
the six samples examined; the primary crystals in 
these alloys were thus identified as a ternary com- 
T(AINiZn). Since T(AINiZn) 


occurred in secondary NiZny crystals, and occasion- 


pound cores ol 
ally in secondary Ni;Zn2; crystals which were in turn 
rimmed with NiZng, the boundary pg in Figure 16 
represents a peritectic reaction. These contaminating 
effects were present only in small secondary crystals, 
and not in the larger crystals selected for X-ray work. 
ii) Annealed Alloys. From results already de- 
scribed, NiAl; and Ni2,Al; may be expected to enter 
the NisAl 


boundary in Figure 16 intersects pg as 


into equilibrium with 8; if, however, 
T (AINiZn 
shown, T(AINiZn) should not appear in equilibrium 
with 8. To test this conclusion, seven alloys with 2 
per cent of nickel and respectively 92, 93, 94, 95, 96, 
97 and 97.5 per cent of zinc, together with alloy 
3/96.5, were annealed for 45 days at 370°C. In addi- 
tion toa@ and 8, alloys 2/92, 2/93, and 2/94 contained 
NiAls, which was confirmed by X-ray analysis of the 
extract from alloy 2 92. Alloy 2/95 contained only 8 
and NiAl;, while in alloy 2/96 8, NiAl; and NisAl; 
were recognized metallographically and confirmed by 
X-ray diffraction. 
(8 + + 


patterns of extracts from alloys 2/97 


The remaining alloys showed 
6dxizn) Microstructures; diffraction 
and 2/97.5 
correspond with admixture of NisAls; and dyizn. A 
narrow (8 + NisAl;) region must exist between the 
compositions 2/96 and 2/97, but this was not observed 
experimentally. 


Although 


is encountered in these alloys, it does not enter into 


(iii) Discussion. a ternary compound 
equilibrium with @ or 8. The system differs from the 
Al-Fe-Zn system in that not only the most alumin- 
ium-rich aluminium-transitional metal phase appears 
in equilibrium with 8, but NieAl; in addition. It also 
differs from the Al-Co-Zn system since NiAl isnot 
found in equilibrium with 8. It is probable that the 
T (AINiZn 


from being established. 


existence of prevents this equilibrium 


VIII. The Ternary System 
Aluminium-Cobalt-Magnesium 


In the cases described above, equilibrium of high 
melting aluminium-transitional metal phases with 
the zinc-rich solid solution is associated with a long 
the 
transitional metal axis to a point near the Al-Zn 


eutectic valley extending from aluminium- 


axis at 95 per cent of zinc. It was therefore of interest 
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to examine a system in which the primary a field 
did not extend to such high concentrations of the 
divalent the \l:Co-Mg was 


component; sytem 


accordingly chosen. 


(a) Previous Work 

According to Mondolfo [19], who examined only 
aluminium-rich alloys, no ternary compound exists 
in equilibrium with a, which enters into equilibrium 
with liquid, and Mg.Al 


point (33 per cent Mg, 0.5 per cent Co, 


ata ternary eutecti 
148° 


(b) Experimental Methods 

Techniques employed were again similar to those 
previously described, except that slow cooling experi 
ments were carried out in a specially designed fur- 
nace in a purified argon atmosphere to prevent slow 
burning-off of magnesium, which proved trouble- 
some in initial experiments. It was possible to pre 
ingots differing negligibly in 
the 


pare slowly cooled 


weight from that of initial materials. In the 
metallographic work on annealed alloys, the phases 
encountered were a, Me Als, Me 7Al, the Ve-ric h 
CosoAlg and Co4Ali3; CosAl 


( o-Al appeared also in slowly cooled spec imens. | he 


solid solution (¢ and 


metallography of the Al-Co phases was similar to 
Al-Co-Zn. 
the 


for the For dis- 


Al-Me 


reagent was aqueous sulphuric acid. 


described svstem 


the 


that 


tinguishing phases most useful 
Phe optimum 
concentration and time of etching varied according 
to alloy composition and type from 20 per cent for 
| min. in the Al-rich range to 5 per cent for 2—5 sec. 
in the Zn-rich range. Etching characteristics of the 
Al-Mg phases varied with alloy composition. When 
present with a, MgeAl; is coloured brown, but with 
increase in magnesium content etches less deeply, 


Mei7Al 


Increase in the mag- 


and appears light when present with 


which is coloured slate-blue. 


nesium content of Mgi7Alj2. again corresponds with 


lighter etching and e is the darker phase in 


(Me 


microstructures. CooAls, which was 
not encountered in the Al-Co-Zn alloys, appeared in 
slowly cooled alloys as very hard globular particles 


than CosA}ly o1 


Co,Al,3. Primary CoAl was only found in one alloy, 


in high relief, darker in colour 
and in this case definite identification depended on 


the diffraction pattern of extracted crystals. 


(c) Experimental Results 


(i) Slowly cooled alloys. Projected surtaces ol 
primary separation deduced from work on slowly 


CovA\lg 


eutectic valley extends to approximately 34 per cent 


cooled allovs are given in Figure 17. The a 


of magnesium; this magnesium content must corre- 
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spond with <0.5 per cent of cobalt, since primar) 
Phe MgeAl; and 
shown by the 


\t 2 per 
held extends to 


CooAls appears 1n allov 0.5/33. 
Me 7Al 


microstructures of alloys 0.5/36 and 0.5 


helds are restricted, as 


cent of cobalt the primar Co 


BY, pel 


primary Co,Al 


cent of magnesium, and ts then 


held. Re 


ipproximately 


succeeded by a isonable 


Cobalt, Weight % 


AA Mg,7 
20 30 40 50 60 70 


Magnesium , Weight 


\l-Co svstem 


vests th 


extrape ation from the binary 


two fields sug 
Meg,7Al 
shown: this is confirmed by annealing 
The narrow O4Al 


held: the 


boundary between these 


the boundary ol field as 


intersec ts 
experiments 
desi ribed below 


ceeded 0 \] 


rsects that of the primary « 


intervening 
held The (0 


nte 


field persists to a compositiol exceeding 90 per cent 
it low cobalt contents, and ther 
CoAl lhe diftractior 


crvstals extracted from the allo 


The patterns ( orrespond 


ol Magnesium 
way to primary 


4 ] 
ited Col 


s indi irmed 
the metallographic results 
70 and 0.5/90, which lie « 


he ( ) VE 


reflections were identi 


] 
o the 


ing to illovs 1.5 


boundaries of held, were 1easured and 


indexed, and the observe 
with those reported for CosAl 


field 


\lloy 


heng |28 Che primar' 
11) Annealed alloy 
L00°C. for 50 to 245 da 
metallographic and X-1 
ind 20 Phe 


\I boundary IS ( 


18, 19 


4/ 


4 28 #30 32 


Magnes um Weight 


Co,Al,s) 
Co, Al, 
CoAl 
4 4 ray d 
fed x 
ray 
| 4 
x 
4 : 
le) 8O 90 
| 17. S f ep 
\1-¢ Meg. Primat CooA 
( primary CooAl CoAl x denote 
WO! re given in Figures 
oe 6 
\CorAly 
Ss 
FIGUR 18. Syste \l-Co-Meg 100~¢ 
+ CoAly + MgoAl; + Og; MgeAls 4 
clk otes alloy It vhict rac ) 


METAL 


+ CogAlis 


Coz 


100°C. 
Co,4Al 


rom whicha 


Magnesium Weight 


\l-Co-Meg: constituti 100°¢ 


MO; Co,Al 
from the composition of CosAls to that of the solid 
solubility limit of magnesium in aluminium, and is 
illoy LO] 10.60, 


traces of \l, after annealing for 


periods oO ind Os davs. 


located by which showed only 
successive 
Metallographic inter- 
Co.Al 


in the extensive T 


was confirmed by 
from the extract from 
the (CosAl, MegoAl 
homogeneity range of 
tO gave the 


alloy 2/48. 


tion pattern obtained 
The width of 

field the 
MeeAls, and is succeeded by the (CosAl 
illoy 2 
CooAl, diffraction pattern. The (CooAl, 


similarly confirmed, 


corresponds TO 


held: extracts from 
using 
ilso enters into equilibrium with Co,Al 
illoy 
ction pattern derived 
\l,;; phases. The +4 


low cobalt contents, 


‘ar mixed 
from the \l, 
Me izAlie + « 


to YO per cent ol 


‘act from 
and 
held 
‘tches, al 
ition to those plotted in Figures 
and | 
Figure 20 all 


+ €) microstructures, except for the 


im; in add 
20, allovs 1.85/62, 1/64. 1/66 70 also 
held. Alloys plotted in 
showed (Co,Al 
two richest in magnesium. The slow cooling experi- 
CosAl; and CoAl also appear in 


equilibrium with the magnesium-rich solution. From 


ments. show that 


Figure 20, the corresponding two- and three-phase 


fields must make contact with the restricted e€ field 


it magnesium contents exceeding 98 per cent. 


The solid solubility of cobalt in aluminium and 


in magnesium is extremely small. Once the phases 

*After a similar pe riod of 212 davs allov 1.84/11.86 showed 
considerably more Mg2Al;, but alloy 2.17/11.96 showed none. 
No explanation of this is available, except for the possibility 


of an incorrect analysis 
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taking part in the ternary equilibria have been 
correctly designated, therefore, the various phase 
boundaries may be represented as straight lines 
drawn from the compositions of the Al-Co com- 
pounds to the critical limiting compositions of the 
Al-Mg phases. Microstructures observed were en- 
tirely consistent with this interpretation, and since 
the main object of the work was to establish the 
correct sequence ol phase fields, critical alloys were 
not in general analysed. 

(iil Com positions of extracted crystals. \nalytical 
results for four extracts of CosAly from ternary alloys 
are given in Table VI, and included in | igure 14. 


TABLE VI 


\lloy 


compositlol 


Che cobalt content of the crystals from alloy 2/20 is 
abnormally low, and possibly results from unsus- 
pected contamination with matrix. The remaining 


analyses are consistent, and indicate a _ limited 


solubility of magnesium in CooAlg. The same con- 
clusion results from a study of the phase boundaries 
at 400°C 

iv) Discu 
Mei7Al 
the Al-Co-Zn system. 


inalogous in that the high-melting Al-Co compounds 


and 


of Meg Al 


makes the equilibria more complex than in 


ssion. The presence 


| he two systems are, however, 


as the concen- 
CoAl 


divalent 


separate successively from the melt 


tration of third metal increases; the cubi 


enters into equilibrium with the 


phase 
metal in each case. Both systems differ in type from 


the Al-Fe-Zn system. No ternary compound has been 


found in the composition range investigated. 


IX. The Ternary System 
Aluminium-Manganese-Beryllium 


As the work reported in this paper progressed, it 


became possible tentatively to define a zone of 


atomic sizes for third metals alloyed with aluminium 
and iron or aluminium and manganese, within which 


Che 


closest distance of approach of atoms in metallic 


ternary compound formation might occur. 


beryllium is close to the lower limit of this zone, and 


it became of interest to examine the Al-Mn-Be 


system. 
(a) Previous Work 
No previous investigation of Al-Mn-Be alloys has 


been noted. 
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(b) Experimental Methods 

Methods employed were similar to those previous- 
ly described. Since it became necessary to measure 
the densities of certain extracted cry stals, a simple 
density-bottle technique was developed, which, as 
estimated from repeated calibrations on material of 
known density, gave results subject to a total error 
of less than 1 per cent. 

The phases observed were a, Be, MnAls, MnAl, 
and a ternary phase T(AlMnBe). Unetched, distinc- 
tion between the Al-Mn compounds and traces of Be 
was difficult; when present in larger amounts, Be 
occurred as characteristic grey partic les. The best 
etching reagent was 10 per cent aqueous caustic soda 
containing 10 per cent ol carbonate ion added as 
ammonium carbonate. Used cold for 45 sec., this 


MnAlsg 


was coloured uniformly brown and 


reagent coloured variable shades of blue, 


while T(AlMnBe 
Be almost unattacked. 


Experimental Results 
The range investigated was 0 to 12 per cent of Mn 
and 0 to 5 per cent of Be 
(i) Slowly cooled loys Figure 21 gives the 
results of an examination of 32 The a 


MnAl, fields are restricted: allovs 1.8/0.08, 1.8 


and 
0.2 


allovs. 


x x 


< 

if 

oar 

3 


FIGURE 21. Surfaces of primary separatio1 
\l-Mn-Be. Key: primary @ @; primary MnAk 
MnAl, 3e ; primary T(AlIMnB«e 


; primary Be 


and 
the 


MnAlg¢ 


each Case 


and 1.85/0.45 showed primary a, 
T(AIMnBe) respectively, 


matrix was almost entirely in the form of a ternary 


and in 


eutectic whose composition is estimated as 0.2 per 
cent of Be and 1.5 to 1.7 per cent of Mn. The MnAl, 
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field is also narrow. No evidence was found of MnAlg 
or MnAl, cores in T(AlMnBe) so that AJ 
a eutectic valley. The expected rimming of MnAl, 
Che T(AlMnBe 
field is approximately parallel to the Al-Mn axis, and 
the 


represents 


by MnAl, Was, however, observed. 


is well defined by the results given: Be-rich 


boundary represents a eritect rel itionshi ) be 
| 


tween the ternary compound and Be, since primary 


Be partic les were observed as cores inside SeC ondary 
[(AlMnBe) crystals. 


il) Annealed alloy alloys were an- 


Several 
~( 


nealed for 28 days at ind examined: micro- 


structures were unchanged after a further 7 davs 


and are summarized in Figure 22. Since the three- 


contained MnAl Che 

a + T(AlMnBe) + Be) microst: 
were MnAls and Be 
narrow (a + T(AIMnB«e 


the two observed three ph l 


case observed 


extent are defined by 


11] Compositions of extracted crysta \na 
results for extracted samples of T(AIMnBe 


Table VII 


gviven in Che resi ues were @as' 


rABLI 
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phase 190.25 cont ed npre ble 
5 
a amount of T(AlMnBe), the (a + MnAl,) field mus 
c 
be very narrow. Only one other alloy 82 /0.28 
e 
nder all show 
ictures ne 
i together \ ve 
hus exists betwee! 
d\2 14 
alloys 2.82 0.28 and 7.96 1.16 
yer 
ww oO sO 
°0 es 
\lloy compositio Wt % Be Wt %M Wt ZA 
6.36/1.53 3.34 27.75 68.85 
$.9/1.4 2.78 26.05 71.16 
3.12/1.25 3.05 82.45 64.50 
9 1/1.0 2 35 32 36 65.29 
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because of the characteristically regular habit of the 
ternary crystals (Figure 23). Optical measurement 
showed that the angles between the normals to the 
rec tangular faces were in all Cases 120 I ae while 


the semivertical angle of the pyramid formed by the 


inclined faces was approximately 23.5 


r(AlIMnBe 
itomic percentages in Figure 24. Che bervllium con- 
allov 9.1/1.0 

the 


The compositions ol are plotted in 


tent of the extract from point a 


appears incorrect and too low, since tie-line 


joining the composition of the extract to that of the 


parent alloy crosses that for alloy 11.0/0.75, whereas 
the disp sition of the tie-lines for the other allovs is 


Ignoring this analysis, the most prob- 


20 


o\e 


reasonable. 


8 
Beryllium Atomic %e 


AIM 


g berylliu 


I € 


x trac ted 


contal 


homogeneity range includes the composition 


assuming 


it also includes the electron:atom ratio 


that manganese has an effective 


valency of —3.6 as in previously discussed alloys of 
The phase may thus be based upon an 


1.85 and 


this U1 pe. 
electron concentration of a ratio of alu- 


minium atoms to total solute atoms of 3: 


1; this is of 
interest since the ternary compounds in the systems 


\l-Mn-Ni, Al-Mn-Cu Al-Mn-Zn are 


terized bv the same electron:atom ratio, but a ratio 


and charac- 


of four aluminium atoms to one of solute. 


X-ray diffraction patterns were obtained of ex- 
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1.30.75, 3.12/1.25 and 


radiations, 


tracts from alloys 6.36/ 1.53, 


11.0/0.75, using Cuke or Coke and 


Table VIII contains the lines observed. The most 


significant feature is the group ol three strong lines, 
close together, in the range 6 = 21° to 23° 


rABLE VIII 


196 
OSY 
041 
OOO 
125 
326 
10 37. 261 
11 238 
12 38.9: 224 
13 3s 210 
14 5.8: 073 
15 056 
16 047 
17 SS] 
18 S76 
19 S07 
20 S00 


strong; weak 


An MnAl, specimen from alloy 3.85/0.22 contained, 
by analysis, 2.10 wt. per cent of Be and 15.74 wt. per 
cent of Mn. This result is included in Figure 24 and 
it is probable, since the relevant point lies close to a 
line joining the composition of MnAl, to the most 
manganese-rich composition found for T(AlMnBe), 
that the sample was contaminated with secondary 
T(AlIMnBe 


Metallographic work showed 


the primary crystals. 
that 


was common, and no further attempts were made to 


adhering to 


such adhesion 


extract and analyse primary MnAlg,, in view of the 


very small solid solubility of beryllium in MnAIl, 


indicated by the annealing work. 
The most interesting feature of 
\lMnBe 


librium with a. It is also noteworthy that the primary 


(iv) Discussion. 
the system is the existence of T in equi- 
beryllium field occupies a very large composition 
range. In the solid state, the (a + T(AlMnBe) + Be) 
field is correspondingly 
T(AIMnBe 

”) 


given in | igure 22 are 


wide, while the (a+ 


field is very narrow. The boundaries 
in excellent agreement with 
the compositions of extracted T(AlMnBe) crystals. 
From Figure 24, the ternary compound appears to 
correspond with electron:atom ratios 1.67 to 1.98, 
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assuming an effective negative valency of —3.6 for 


manganese, as in previous work [1]. The three intense 


low angle reflections suggest that the corresponding 
the 
Brillouin Zone. The exact form of the zone cannot be 


diffracting planes define appropriate first 
discussed until the reflections have been unequivo- 
cally indexed. It would be expected, however, if 
T(AIMnBe) depends upon the electron: atom ratio, 
that the radius of the Fermi sphere in k-space corre- 
sponding to the characteristic number of electrons 
per atom would be approximately equal to half the 
reciprocal of the interplanar spac ing of the planes 
defining the zones. Since the density of a sample of 
mean atomic weight 30.69 was found to be 3.62, the 
mean volume per atom is 14.2 A*. The radius of the 


Fermi sphere corresponding to 1.98 electrons per 
atom is thus 


3 X 1.98 
or 
X 14.2 


The values of half the reciprocal of the relevant 
interplanar spacings are 0.241, 0.246 and 0.250 A 

respectively, in good agreement with the Fermi 
sphere radius. It appears probable that T(AlMnBe 
may be considered as a type ol electron compound, 
in common with previously discovered compounds. 
Since its homogeneity range includes the electron: 
atom ratio 1.85, it may be classified (on the basis of 
with the phases of similat 
electron :atom the Al-Mn-Cu, Al-Mn-Ni 
and Al-Mn-Zn systems. Instead of a four 
aluminium 


T(AIMnBe 


does not appear to be closely related to those of the 


electronic influences only 
ratio in 
ratio of 
solute, however, 


atoms to one ol 


shows a 3:1 ratio. Its crvstal structure 


other phases, and is being examined in greater detail. 


X. The Ternary System 
Aluminium-Iron-Beryllium 
For comparison with the Al-Mn-Be system, 


limited number of Al-Be-Fe alloys was examined 
The object was to investigate the possibility Ol ter- 
nary compound formation, and surfaces of primary 


separation were not examined in detail. 


Previous Work 
No previous examination of this system has been 


noted. 


b) Experimental Methods 

[In alloys annealed to equilibrium, phases observed 
were a, FeAl;, Be, anda ternary compound T(AlFeBe 
which was easily differentiated from FeAl; by the 
his, 


however, attacked the Be constituent very rapidly. 


“mixed acid’’ reagent referred to above. 
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[he same phases were present in slowly cooled 
the distinction between lar 


FeAl; and T(AlFeBe 


and ereater reliance was pl iced on the 


ulovs, but 


crystals of be¢ 


tion patterns ot extracted 


residues 
Fea perimenia Re U 
lwelve alloys, wit 


ind () to 


Slow cooled com 
to 6 per cent ol 


\llovs 5.850, 


positions in the ran 


5 per cent ol Be, were cooled slowl, . 


5.8/0.08, 5. 
primary FeAl 


shown, and 


0.15 and 5.56,0.25 deposited pl ite-like 


secondar' nd eutecti m 


the latter contained 


allovs l, t.6 


well-ce \ ele per 


also 
particles. In 
1.4/1.25, 
but 


Some 


the bulk of the primar parti les p 
[hese 


1] 
11% 


found, 


peared as sections of poli hedral crystals were 


difficult to differentiate metallographica irom 


FeAls, but it was possible to differentiate the two 
residues by reason 
habit Phe diff 
poli hedral crystals w 


FeAls, 


lo secure 


types of crystal i 


ditterent 


their ( terist all 


tion pattern of the 


different from that of ind confirmed the 


existence oO! a new phast a reli ibli sam 


for % vsis, selected preparations of 


I 
illoys 4.7/1.0 and 4.6/1.1 we 


10.97 wt 


| 
crystals trom 
ind were found to cont 
ind 16.00 wt per cent ol Be \ sample ol 


1.0 


KeAl, from 


wt pel cen Ol ey 


1 9 
contained 


alloy 


ind 1.39 wt. per cent o Primar\ 


deposited from allovs 3 
0/5 
il Annea ed Uloy 


at 600°C. the 


results sun 


obtained 


| he 


narrow (a+ 


corresponding 


\lFeBe 
illovs 3.5 20 
rhe 


equilibrium with a, 


pe sitions of 
2.95/2.5 tra conhirm 


\lFeBe) in 


the approximate phase boundary positions aré 


existence of | 
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Discussion. In contrast to many of the ter- 
iry compounds occurring in aluminium-rich alloys, 


P(AlFeBe 


small: 


the amount of aluminium present is 
relatively, the compound approximates to 


\l;Fe;Be 


electron :atom 


The generalizations applicable to the 
ratios of previously isolated phases 
would not be expected to apply in this case, owing 
No further 


this phase is therefore justified at 


to the high total solute concentration. 
discussion ot 
present; it may be noted that its diffraction pattern 


FeAl, or T(AlMnBe 


considered as analogous to either struc- 


is different from either and it 
cannot be 


ture. 


XI. General Discussion 


From a comparison of the forms of equilibrium 
diagrams for the allovs investigated, several interest- 
ing points emerge. Some of these are briefly dis- 


cussed below. 
Fo OF he 


a General 


The constitutional diagrams for ternary alloys of 


uuminium and zinc with chromium, 


cobalt 


with cobalt, 


manganese, 
and nickel and of aluminium and magnesium 
show a distinct analogy in so far as high 
melting intermediate phases derived from the binary 
aluminium-transitional metal alloys separate at low 


temperatures from melts rich in the divalent metal, 


and may appear in equilibrium with this metal, or a 
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solid solution based on it, in the solid state. The data 
are summarized in Table X. By contrast, the system 
Al-Fe-Zn is peculiar in that only a phase derived 
from the most aluminium-rich binary compound, 
FeAl;’, is The 


for may be 


found in equilibrium with zinc. 


reason this difference in behaviour 


sought in terms of the free energies of the various 
phases, for which heats of formation may be taken as 
an approximate measure [29]. We may consider a 
system ABC in which compounds occur as shown in 


Figure ao. For correspondence with the alloy s studied, 


FIGURE 25 rnary th compounds 


and B, and C 


compounds | and 2 are assumed to have low free 


energies compared with 3. The C-rich solid solution 


and 3 are in equilibrium, and the third phase entering 
into equilibrium with these two may be 1 or 2. If 
compound 1 has a lower free energy than 2, the 
energy contour diagram ol | igure 26a is appropri- 
ate; the envelope formed by the tangent planes is 
dec reasing 


evervwhere convex in the direction of 


free energy, and the corresponding equilibrium is as 


shown in Figure 260. If, however, the free energy of 


Cc 


Free energy diagram; free energy of phase 1] 


FIGURE 26. (a g 
2. (b) Corresponding isothermal 


lower than that of phase 
diagram. 
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compound 2 is markedly lower than that of com- 
pound |, this form of equilibrium is no longer appro- 
priate, since, as shown in Figure 27a, a “valley” e/ 
may be introduced in the envelope of tangent planes 
so that it is no longer everywhere convex in the 
direction of decreasing free energy. Over a large 
composition range a lower free energy could be 
into 


achieved by allowing compound 2 to come 


equilibrium with 3 2 


and C, as shown in Figure 276. 
In our alloys, therefore, the divalent metal and its 
neighbouring compound will tend to enter into 


27. (a [Inappropriate energ’ 
phase 2 le SS tha th it ol phase | 


ree energy diagram for free energy of phas 


equilibrium with the phase of lowest free energy in 
\s noted 


above, the heat of formation may be taken asarol og] 


the aluminium-transitional metal system. 


measure of the free energy. Heats of formation ar 
\l-Fe, Al-Co \I-Ni 
[30] and are shown graphically in Figure 28.* For 
Al-Co and Al-Ni the heats of formation rise to a 


available for the systems and 


maximum at the compositions CoAl and NiAl; bi 


contrast, in the Al-Fe system, FeAl, has the highest 
heat of formation. We may thus understand why no 
phases richer in iron than FeAl; enter into equili- 
brium with zinc in the Al-Fe-Zn system, and why 
CoAl appears in equilibrium with zinc or magnesium 
Similar con- 


in the appropriate ternary systems. 


siderations probably apply to the systems Al-Cr-Zn 


*The phase Co, Aljs is not represented by a point in Figure 


28). Its heat of formation may be assumed to be intermediate 


between those of CosAly and CoeAls. 
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Heat of formation, k cal/g atom 


FIGURE 28. Heats 


\l-Co, (c) Al-Fe 


Al-Mn-Zn, but detailed discussion 
absence of thermal data is premature 


Al-Co-Zn, 


implies that 


and 


In the equilibrium between 


CoAl Co Als, ( o4Al, and 


CosAl, should also appear in zinc-rich alloys. The 


system 


and 


non-appearance of CosAl; in equilibrium with zine 


thus requires discussion. Elimination of this phase 


from the equilibria involving zinc requires equili- 


brium between Co, \l, and ( oAl. and it is probable 


that this arises from differing zinc solubilities in the 


binary Al-Co phases, as indicated in Figure 29 


In spite 


does not ippear in equlll 


1 ternary compound 


free energy considet 


modification. In the a compoun 


however, the general form i the constitt 


diagrams investigated may be understood 


ound Formatior 


ind previous work 


Com 


Cond lion 
Information { the present 
with regard to ternary compounds which exist 
equilibrium with @ is summarized in Table XI. As 
previously dist ussed, extensive solubilit ot a third 
metal in the most aluminium-rich phase formed | 


aluminium and the second solute makes conditions 
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TABLE XI 


infavourable for ternary compound formation. 


Where such solubility does not occur, it is of interest 
to consider the main factors which may affect the 
formation of ternary phases. 

Atomic size relationships. Che closest distances 
of approach of atoms in the crystals of the elements 
included in Table XI are shown in Figure 30. Con- 


< 


Be Mg AL Si Cr Mn Fe Co Ni Cu Zn Ge Ag Ch 


in Atomic No. 
diameters of metals 
XI 
sidering first alloys formed by aluminium, iron and a 
third metal, the atomic diameters of third metals 
which give rise to ternary compounds lie within a 
relatively narrow zone, embracing beryllium at the 
lower limit of atomic size; the upper limit appears to 
lie between the atomic diameters of zinc and copper. 
For ternary alloys containing aluminium and man- 
nese, the upper limit is displaced to include zing 
The fact that 


ilver forms no ternary compound is probably con- 


magnesium, but not cadmium 


nected with the large size of its ion, which is only 


less than that of the atom: zinc and cad- 


slightly 


mium correspond with considerably more ‘“‘open” 


structures. According to present data, a similar zone 
of atomic diameters applies to ternary alloys with 
aluminium and chromium, except that copper and 
nickel, for a reason at present obscure, do not lead 
to ternary compound formation. Passing to alloys 
containing aluminium and cobalt or nickel, the only 
rise to 


ternary compounds are 


No 


elements giving 


copper and manganese. ternary phases occur 
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with silicon or zinc; the range of atomic sizes for the 
third metal favourable to ternary compound forma- 
tion thus appears very restricted. 

Though exceptions occur, there appears to be a 
distinct tendency for ternary compound formation 
in ternary systems of the type considered to be 
restricted to cases where the atomic diameter of the 
range of values, which 


third element lies within a 


diminishes in extent as the atomic number of the 
transitional metal increases. 
ii) Free The 


favourable atomic sizes for the third metal dimin- 


energy considerations. range of 


ishes for alloys containing cobalt and nickel. In this 
\I-Co 


systems that the highest heats of forma- 


connection it should be noted that it is in the 
and Al-Ni 
tion are observed for the binary phases which occur 


in equilibrium with aluminium: 
FeAl; 
CosAlsg 
NiAl 9.5 


6.5 kcal/g. atom 


\lthough it is not possible to assess the probable 
a hypothetical ternary compound, 


tree energy ol 
it is clear that, for a ternary phase of given com- 
position and free energy, the likelihood of its appear- 
ance in the equilibrium diagram depends entirely on 
the relative free energies of the binary phases of 
comparable solute concentration. Thus, in Figure 
3la the ternary phase T comes into equilibrium with 
A,B 


solvent A; in Figure 31) the free energy of 


») F| 


ApCy 


A 


ol. H ypothetic al 
formation, (b 


free energy diagrams a tor 


FIGURI 


ternary compound for no ternary compoun 
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Al 


has been lowered, and T no longer takes part in the 
equilibria because its free energy is higher than that 
of a mixture of A,B, and A,C,. It is probable that 
the relatively high heats of formation of CooAl, and 
NiAl the 


number of aluminium-rich ternary phases observed 


are responsible in this way for small 
in systems containing these phases, and hence for the 
narrowing of the zone of atomic diameters favour- 
able tor ternary compound formation. Only ternary 
phases of very low free energy, such as those formed 
third elements of favourable atomic dia- 


by very 


meter, would be expected to occur. If it may be 
that 


aluminium-rich binary phases continue to fall on 


assumed the heats of formation of the most 
passing from the Al-Fe to the Al-Mn system, the 
relatively large number of ternary phases formed by 
aluminium, manganese and a third metal may be 
understood. 

In summary, it may be suggested that aluminium- 
rich ternary compound formation in a system Al-X-Y, 
where X is a transitional metal of the first long period 
of the periodic table, depends upon three main 
factors: 

1. The atomic diameter of Y should lie within a 
comparatively narrow zone of values, the width of 
which depends on the nature of X. 

2. The heats of formation of the aluminium-rich 
binary phases should not be sufficiently high to 
prevent the appearance as a stable constituent of any 
ternary phase which may tend to form. 


3. If factors involved in (1) and ( are tavour- 


able, the composition of the ternary compound 
formed is expected to be controlled mainly by elec- 


tronic factors, as previously discussed [1]. 


Solubilities of Third Metals in CosAls 
Characteristic differences in the mode of solution 


of nickel, silicon, zinc and magnesium in CooAly 
are apparent. Nickel replaces cobalt atoms, and the 
ratio, calculated assuming effective 
—0.61 —1.71 
Ni and Co, rises from 2.125 to 2 
at. 
such a 


electron :atom 


valencies of and respectively for 


5. Silicon up to 
per cent, behaves similarly. 
to 


a solubility of 4.5 
Zinc 


approximately constant electron: atom ratio, and so 


Way an 


dissolves in as preserve 
must replace both cobalt and aluminium. The initial 
magnesium solubility is such that magnesium re- 
places only aluminium, and the electron: atom ratio 
falls (see Figure 14). This behaviour may be cor- 
related with the relative atomic diameters, which 


are given below in kX units: 


Zn 


2.659 


Meg 
3.191 


Ni 


2.49 


Si 
2.346 


Al 


2.858 


Co 
2.499 
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by 


similar atomic size, would be expected, as observed 


Easy replacement of cobalt nickel, of very 


Silicon is also able to replace cobalt without the 
development of too much strain, but neither nickel 
re 


arg 


nor silicon would be expected to replace the 
Zinc, 


intermediate between those of cobalt and iluminium, 


aluminium atom. with an atomic diameter 


will clearly be less easy to substitute for cobalt than 
is the case for silicon; a compressive distortion will 
be set up, which may be relieved if at the same time 
are also replaced by Zink 


some aluminium atoms 


In the case of the large magnesium atom, replac« 
of the 
improbable, and only aluminium can be 


As Table VI, 


CosoAlyg containing magnesium begins to rise above 


ment small cobalt atom would be most 


replaced 
indicated in the cobalt content of 
that corresponding to replacement of aluminium by 
magnesium; this could be interpreted as due to the 
development of vacant sites in order to relieve the 


ve Magnesium atoms 


in Zi h A 


the lar 


Veta! 


strain caused by 


d) Transitiona! ov 


New information is available with regard to zinc- 


\s 


and VI, the zinc-rich limits of 


rich compounds with transitional metals de- 
scribed in sections \ 
the Fe-Zn and Co-Zn phases correspond closely with 
and CoZny 
the results of Heumann [31] for Cr-Zn alloys, and of 
Schramm for Ni-Zn [17] and Mn-Zn 


formulae representing the most zinc-rich phases in 


the compositions keZn \ssuming 


| 


alloys, the 


the five systems are: 


CrZn, MnZn, CoZn, NiZng 


It that this series shows the same 


tendency 


is significant 
for the number of non-transitional atoms 
per transitional metal atom to decrease on passing 


to Ni by 


\l-rich compounds, with the exception of 


from Cr is shown the corresponding 


as 
series of 
FeAl;: 

FeAl CooAls,. NiAl 


CrAl; MnAleg, 


suggests 


[he behaviour is less regular, but the data 


» a tendency for the transitional 


had 


valency, increasing numerically 


there may 
effectively negative 
Ni 


atoms pel 


metal to act if it an 


aS 


irom 


St) 
that, by a decrease in the number of zin 


transitional metal atom the effective negative 


ot 


ratio of the most zinc-rich phase is prevented from 


iS 


valency the latter decreases, the electron:atom 


rising steeply. 
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THE INFLUENCE OF COLD WORK AND RADIATION DAMAGE ON THE 


DEBYE TEMPERAT 


D. BOWEN and G. 


Copper wires have been cold-worked Or 


ments of resistance have been made on a 
the 


measurements are made over temperatur 


1 
p rtiol 


of the temperature dependent } 
a decrease of Debye temperature in the damaged 
The thermal anne iling of this change has bee rol 
changes 


suggested 


are 


DE L’ECROUISSAGI 


TEMPERATUI 


Des fils de ( 


tance, dans un 


livre ont été écrouis ou so 

ntervalle des 

fil endommagé et un fil bie: 

température, de la résistivité des de 
itillon e1 


de Debve 
pal 


temperatu 
un 
dans l’écha domm; 
de ce changement 


re latives a ces chat 


DER EINFLUSS VON KALTBI 
DEB 
be 


t 
a 


ARBI 
YE-TI 


NG 
RAI 


ITI 
MPI 
irbeit 


Kupferdrahte kalt 


eines be schadigten ind eines 
lemper iturbereich zw ische1 
\nteile der Wide 
be schadicte 1 Prob 


\ ishe ile I 
Erscheinut 


einem 
turabhangigen rstane 
mperatur det 
Das thermische 


di Ser 


Introduction 


Che 


deformation 


strains in a metal that result from plastic 
generally 
ol 


oscillations of the solid. Macroscopically this may 


radiation damage will 


the 


or 


result in a change in spectrum lattice 


appear as a change in the elastic moduli. These 


modal changes will alter the thermodyvnamik 


behavior of the material. If the spectrum of lattice 


oscillations is shifted to lower frequen ies, then 


the specific heat at | 


the 


ow temperatures will be larger, 
be 


used 


energy and will 
A Debye model can be 


as a first approximation to the thermodynami 


and internal entropy 


altered accordingly 


changes to be expected. For small variations, the 
change in thermodynamic variables will then be 
proportional to the change in Debye temperature. 

In order to investigate this possibility of Debye 
the 


temperature change direct comparison of 


low temperature resistivities of an annealed 


copper specimen, and a similar specimen irradiated 
particles or cold-worked has_ been 


with alpha 


made. By means of this comparison the increment 

of Debye temperature, dé, corresponding to the 
*Received May 22, 1953. 
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Ss ol the resist 


DEGAT DI 


BYE DU ¢ 


ND STRAHLUNGSSCH 
UR DES KUPFER 


deduced 


theor. mune 


ol the Coppel 


conductivit) 


isen 


Experimental Procedure 


Che 


resistivit 


objective of experiment 


measurements function 


ture on two samples of t ~ ma 


ime 


h 


ision 


differing la 


that 


Wit ttice pertection, w 


diftere nce in the 


Chis obj 


me 


an\ 


will be easily detect ible 


by making simultaneous isurement 


two samples while they are 


main 


} 
possiDIle¢ 


nearly the same constant 
Chis 
ot accurate 


Che 


differential 


temperature Ss 


direct necessity 


comparison eliminates the 


absolute iture measure! 


tempel 


nel 


resistances are compared by means 


1 


resistance bridge, I igure 


currents through the maintalr 
WI! 


SamMpies are 


constant and equal to 0.02 per cent. 


1en 


temperatures of the two are considered equal 


il At 


and unchanging with time the potenti ross 


difference in potential be- 
\ and B in Figure 1 
measured with a potentiometer. By 
difference in potential directly the 


be 


the comparison of resistance. 


one of them and the 


tween the two (terminals are 


measuring the 
absolute meas- 
urement of resistance need not as 


accurate tor 


the same precision in 


wire a 1 Well-a Cale ihe re ‘ 
e range from 4.2°K to 77°K. 1 ering behavior 
ed. Some thermad ‘ 
my A LA RADI ION SUR ] 
es de 4,2°K a 77°K effectual 
s,a ete erprete col ) ( 
1 ete Certainge pi ti 
le der be Drahte le a \ ral By 
vedeutet Ly OT tete te ‘ et j 
terschiedes r fo] | é ‘ he | 
CCT wen werden angezeigt 
95 new state i GE in terms o 
3 
behavio: 
The 
| 
the 
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specimens are mounted side by side on 
lavite holders with a platinum resistance thermo- 
meter centered between them. The whole assembly 
S contained in a snug fitting copper box which is 
flask. This 


partially filled with liquid helium which covers a 


glass Dewar Hask is 


suspended in a 


FIGURE 1. Schematic Circuit diagram 

small copper rod suspended from the bottom of 
the copper box. At the junction ol the copper rod 
and copper box is mounted a l-watt, 56Q2 (room 
temperature) carbon resistor. Temperatures above 
t.2°K are obtained by control of the power dis- 
sipated in the carbon resistor, thus maintaining 
an equilibrium condition between heating and 
cooling of the copper box. The temperature level 
can be maintained constant to within 0.01°K. 
In all examples to be reported the samples 
have been wires. In the study of cold work two 
kinds of wire were used. Johnson Matthey spec- 
troscopically pure was cold drawn by 
hand to 0.0031 


uniform 


copper 
inch diameter. In order to insure 


more nearly cold work, a spool of no. 
10 B&S gauge O.F.H.C. copper wire was obtained 
from the Anaconda Wire and Cable Company. 
This material was fabricated by continuous cold 
drawing at a constant rate. The results do not 
indicate any appreciable differences between the 
two kinds of samples. 


The O.F.H.C 


damage studies. In this case the wires were initially 


. copper was used for the radiation 


annealed for 2 hours at 300°C. After preliminary 


measurements were made on the two annealed 


samples one of the samples was irradiated with 


15.1luhamp hr/cm? of 33.6 Mev alpha particles in the 
60-inch cyclotron of the University of California 
at Berkeley. Subsequently, this sample was stored 
in liquid nitrogen to prevent annealing of the 


induced radiation damage. A second pair of 


samples was given as nearly the same treatment 


as was feasible. These latter results will not be 
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reported in detail. The resistivity measurements 
for this pair agree with those for the first pair 
described to the accuracy with which the radiation 
exposures were equivalent. 

The 


on the 


measurements of resistivity were made 


materials, and then 


the 


initially damaged 


repeated at successive stages in thermal 
annealing of the damage. Since the thermal inertia 
of the samples is small it is possible to get well- 


defined thermal histories by annealing them in 
constant temperature liquid baths. The reference 
or comparison samples remain unchanged during 
the anneal. For the cold-worked O.F.H.C. copper 
the reference was another O.F.H.C. copper wire 
as drawn. For the cold-worked Johnson Matthey 
copper wire the reference was another cold-draw n 
Johnson Matthey wire. For the radiation damage 
the reference was an annealed (300°C for two hours) 
O.F.H.C. 


The influence of damage on the resistivity is 


wire. 


twofold. The most pronounced effect is the increase 
One this 
scattering intro- 


of residual resistivity. can attribute 


increase to the fixed centers 


duced by the damage. A study of the annealing 
of residual resistivity introduced by cold work has 
been made [1]. The general shape of the temper- 
ature dependent portion of the resistivity curves 
that we find are in agreement with those found by 
many previous investigators. A detailed compari- 
the more 
that 


increases more rapidly with temperature than the 


son, however, shows that in each case 


heavily damaged sample has a resistivity 


one with which it is being compared 
The Debye Analysis 


Let us accept, as suggested in the introduction, 
that the 
resistivity is altered because of a change in the 


the temperature-dependent portion of 


spectrum ol lattice oscillations, perhaps arising 
from lattice strains. The change in Debye temper- 
the 
magnitude of this spectrum change. One may hope 
that 
accurate description of 


ature provides a convenient measure of 


model will 


the 


this approximate provide an 
that 


place. The basis for this hope is the requirement 


changes take 


that the Debye theory predict only the difference 


in resistivity between two nearly equivalent 


samples, but not the absolute resistivity of either 
of them. A formula [2] due to Gruneisen provides 
between resistance and Debye 


the connection 


temperature. It is 


(1) 0) _ 1T° | 


if 
Py, 2 
s 
R 
|} OMETER | | 
F EN ANNEALEL DAMAGE 
METER 2 PECIMEN 2 PECIMEN 
0/T 5 
x* dx 
(e* —1)\(1—e”)’ 
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where 6 is the Debye temperature, p(7) is the resist- For maximum accuracy in the determination 
ance at temperature 7’, p(@) is the resistance at desirable to have the temperatures separated so 
temperature 7,, and 7., >> 6, and p(Q) is the that the D/T values are appreciably different, and 
residual resistance. A more elaborate formula due to use as the lower temperature a value such that 
to Sondheimer [3] has also been used. The results the resistance there i nificanth 

are nearly identical with those obtained with the the residual resistance for each 

simpler formula. A suitable combination of resist- ideas can be expressed quantitatively in 

ances to determine the difference in Debye temper- an error equation for A@. For each determination 
ature between samples is of A@ approximately fourteen comparison m¢ 


LO(T.. 6 o(T" ments of resistance are made over the temper: 
11,01) — p(O0, 6,) le, G2) — p(Q, Ao) 


range from 4.2°K to 77 .. The A@é@ value cal- 
[p(T s, — p(0, 62) |[p(T1, 2) — p(0, A 


culated from each pair of measurements is weighed 
where p(7, 6) is the resistance at temperature J according to its uncertainty, and an average value, 
for the sample with Debye temperature 6. Using and a standard deviation obtained. The results 
(1) this quantity can be expanded in a Taylor’s are shown in Figure 3. The change in theta has 
series in the difference in Debye temperature to 


give to first order in Aé@ 


3) ) 6| — D(6/T.) 
(3 l A T, I 9 
where 


d 
(4 D(6/T) = 10 In | 


This function has been plotted in Figure 2. 


8 


| IGURI 


residual resist 


been plotted as a tunction | ne resid 

ance with the radiation damage referen 

is an origin for the change. Since the 

samples tor the cold work and the radiatior 
damage were different, the origin of the cold work 
data has been shifted by the difference 
temperature between the two reference 

in order to provide easiel comparison 

sets of data. Theta decreases is the 


residual resistance) increases 


Discussion 


[t would seem from Figure 3 that the change in 

Debye temperature is approximately the same 

function of residual resistivity for both cold work 

FiGuRE 2. Logarithmic derivative of Gruneisen function and radiation damage. Through all of this analysis 
it is assumed that the damage is uniform through- 

In principle, resistance measurements at any out each sample. 

two temperatures and residual resistance will Blackman [4] has emphasized that resistivity 
determine the difference in Debye temperature. depends only on the longitudinal modes, whereas 


OF Cr 65] 
(2) 

D(6/7 | 
(7 —1)(l—e 
/\ if 
f NT WN N M 
MINUTE 
MINUTES. AT ‘is 
i/ MIN J 
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specific heat depends on both longitudinal and 
transverse modes. In assuming the damage uniform, 
one must mean that the lattice defects are distri- 
buted at random throughout the entire volume. 
throughout 


strains, however, vary 


the 


The resulting 


the volume; hence vibrational pattern un- 


doubtedly also varies throughout the volume. 


The change in Debye temperature that we derived 
can at best be a representation ol an average 
modal change. In spite of these reservations it is 
interesting to compute the thermodynamic im- 
plications of the Debye temperature changes. 
Formulae for the thermodynamic variables as a 
function of Debye temperature can be found in 
The 


content, 


many texts on statistical mechanics [5]. 


derivatives of internal energy, work 


enthalpy and tree energ\ with respect to Debve 


temperature are shown in Figure 4 as a function 


FOR COPPER (@= 333 R 
TEMPERATURES ABOVE 180° 
D/T CAN BE OBTAINED FRO 
THE FORMULA 


FiGuRE 4. Thermodynamic derivatives. 
of temperature. The changes in these quantities 


can be obtained by multiplying the appropriate 
derivative by the change in Debye temperature. 


The 


oeen ignored. 


contribution of zero point oscillations has 

The Debye temperature changes are negative; 
hence, the internal energy is larger in the damaged 
than in the undamaged sample. This additional 
arises because of the larger specific heat 


Attempts 


energy 


in the damaged sample. have been 


made to measure the energy stored in cold-worked 
copper [6]. These measurements have yielded 
values of about 35 calories per mole when measured 
150°K. 


At this temperature the energy stored in lattice 


at temperatures in the neighborhood of 


oscillations for a measured Debye temperature 
change of 25 degrees (the change attributable to 
These 


that a 


this annealing) is 45 calories per mole. 


calculations are crude, but they indicate 
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major fraction of the stored energy may be in 


lattice oscillations. 


The calculations on enthalpy and free energy 


imply a knowledge of the elastic stresses in the 
material. These are a complex function of position 
in the damaged material, and the single parameter 
of Debye 


adequate to 


temperature change is certainly in- 


cive this complete description. If 
it were known that the 
lattice 


, and the Debye temperature change 


damage produced only a 


single type of stress (clearly an over- 
simplification 
per unit of this stress were known, then the amount 
Debye 


change and temperature could be calculated. The 


of elastic work for a given temperature 
enthalpy and free energy were calculated on just 
this basis. The only stress for which the Debye 
temperature change is known is a pure compression 
[7]. The coefficient of Debye temperature change 
with volume that was used was 

_* In 6 1.96 


dlinyv 


measured directly, but is com- 


the 


This value is not 


puted from the compressibility, thermal 


expansion coefficient, the density, and the specific 
the Debye 


pressure-volume 


heat. From measured temperature 


change the equivalent change 


was computed, and this used in the enthalpy, and 
detailed 


iree energy in lieu of the more stress 


distribution. 

It is interesting to note that the work content 
decreases on damage, whereas the free energy 
increases. Thus, the elastic work must be included 
as an essential part of any thermodynamic treat- 


ment that is to predict even as simple a bit of 


information as the relative thermodynamic stabil- 


ity of two states. The enthalpy change increases 


with because of an increase of the 


elastic work. The origin of this latter increase may 


temperature 


be found in the nonisotropic thermal expansion 
around a lattice defect giving rise to temperature 
dependent elastic strains. If this concept be valid 
then the thermal annealing of lattice defects may 
take place in part when an internal stress has a 
component in excess of the critical stress in that 


direction. 
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TENSILE DEFORMATION OF HIGH-PURITY COPPER AS A FUNCTION 
OF TEMPERATURE, STRAIN RATE, AND GRAIN SIZE* 


R. P. CARREKER, Jr. 


rail l 


True stress, true st 
129: 


»3°K (0.015 to 0.905 T/Tn 
e studied 


nd grain size 


the range 20° to 
0.080 mm diameter wet 
temperature 


Che effect 


ame ranges ol 


of rate 


and W. R. HIBBARD, Jr.7 


are presented for 99.999 per cent copper wire spe imens tested over 
Five different grain sizes ranging from 0.012 to 


was investigate d by rate-( hange tests ove! the 


LA DEFORMATION A L'EXTENSION DU CUIVRE DE HAUTE PURETE, EN FONCTION 


DE LA TEMPERATURE, DI 


LA VITESSE DE DEFORMATION E 


DE L’ETENDUE DE 


DE LA DEFORMATION 


Des données sur les vraies tensions et les vraies déformations sont présentées pour des éprouvettes 


de fil de cuivre 99,999 pour cent pur, 
le rapport T/Im vari int de 0.015 a 0,905 ‘ 
a 0,090 mm de diamétre, ont été 


des vitesses différentes, di 


étudiées. 

grains 

DIE ZUGVERFORMUNG VON REINSTKI 
GESCHWINDIGKEIT I 


Wahre Spannung und wahre 
Korngréssen, 
keit wurde 

und mit 


Versuche mit verschiedener 


Kornegrésse intersucht. 


Introduction 


This paper represents the results of an experi- 
mental program designed to establish the effect of 
rate, and grain size upon the 


temperature, strain 


tensile deformation of high-purity copper. It is 
part of a continuing program whose objective is to 
document the deformation behavior of pure metals 
over a range of temperature encompassing, in so 
far as is feasible, their entire solid range. Additional 
reports of both creep and tensile properties of pure 
metals are in preparation. Such information is 
needed to provide a base point for intelligent alloy 
design and to establish a phenomenological frame- 
work to which deformation theories must conform. 
\ccordingly, the tests and analyses of this investi- 


gation extend considerably bevond conventional 


engineering practice. 


Material 


Copper, whose purity is reported to be 


per cent, was obtained from the American Smelting 


the 
and R. The 


Table | 

copper was swaged and drawn at room temperature 
0.030-inch-dia- 


intermediate annealing. All 


and Refining Company. presents 


nominal analysis reported by 


from 0.362-inch-diameter rod to 


meter wire without 


test samples were cut from the 30-mil wire. 
*Received June 4, 1953. 
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Laboratory Knolls, 


NO\ 


PFER 

ND 
Dehnungsdaten werden fiir 
einem Temperaturbereich von 20°K bis 1223°K (0.015 bis 0.905 7'/ Tn 
von 0.012 bis 0.090 mm Durchmesser. 
Zuggeschwind 


essavées dans Il’intervalle des températures de 20°K a 1223 Ix 
Cing dimensions différentes des grains, allant de 0,012 
L’effet de la vitesse a été investigué au moven d’essais a 
ns le méme intervalle des températures et pour les mémes dimensions des 


\LS EINE FUNKTION VON TEMPERA- 


\USMASS DER DEHNUNG 


99 prozent reiner Kupferdrahte in 
Fiinf verschiedene 
wurden untersucht. Der Effekt der Geschwindig 
li im gleichen Temperaturbereich 


angegeben 


igkeit 


rABLE I 


\NALYSIS OF A.S. AND R. COPPER 


Maximum Maximum 


Element percentage Element percentage 
0.00007 \s 0.0002 
0.0001 Cr 0.00005 
0.0001 Si 00001 
0.0001 le 0002 
0.0001 sé 0001 
0.00001 > 0001 


0.00003 


Seven-inch lengths of cold-drawn wire were 


annealed for one hour at selected temperatures: 
250°, 350°, 550°, 750”, 950°C. The 250°C 


anneals were made in an air atmosphere. All other 


and 


anneals were made in a hydrogen atmosphere. 
Figure | shows the microstructures produced by 
these treatments. X-ray analysis showed that all 
annealing treatments produced a similar texture, 
a poorly defined combination of [100] and [111] in 
the wire axis, with a lot of randomness. 


Testing Procedure 
the use of the 
Model TT-B, 


shown in Figure 2. This machine imposes a selected 


All tensile tests were made by 


Instron tensile-testing machine, 


constant rate of head motion and measures the 


force exerted on the specimen by means of an 


SR-4 gage attached to an elastic weigh-bar. The 


= 
| 
— 
53 


\Mlicro st 


trl 
390°, 550 und 
ind drawing. Aver 
reduc 
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ann HIBBARD: 


use of interchangeable weigh-bars and amplifica- 
tion factors permits a wide choice of sensitivities 
to be used in automatically recording load as a 
function of The 


speed, 


head 
the 
Instron machine, and the use of a wire specimen, 


time. accurate control of 


speed and_= chart characteristic of 


permits time to be a measure of strain, thus 
avoiding the use of an extensometer. A mechanical 
gear shift permits almost instantaneous ten-to-one 
changes in head speed. 

Five-inch gage length specimens were success- 
fully gripped between grooved plates. All tests 
which were made in baths utilized the compression 


fixture shown in Figure 3. The fixture is a stainless 


FIGURE 3. Cut-away drawing of compression fixtu 
specimen and bath in place. 


steel tube whose top end is fixed to the moving 
crosshead through a rigid frame and whose lower 
end pushes against the bottom specimen grip. The 
top specimen grip is fastened to a pull rod which 
extends along the axis of the compression tube and 
is attached through the weigh-bar to the frame of 
the furnace utilized 


the machine. Tests made in 


the same upper grip and pull-rod arrangement, 
with the lower pull-rod and furnace attached to 
the moving lower crosshead. 
than atmospheric were 


Table I] 


Temperatures other 


achieved by using baths or a furnace. 
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shows the ways in 


The 


temperat ures were 


which specific temperatures 


were obtained. baths which were not at 


constant boiling mechanically 


stirred to achieve uniform temperature. 


II 


IEVING TEST TEMPERATURES 


lemperature 

Medium measurem«e 

Liquid hydrogen Constant boiling 
liquid 

Liquid nitroge Constant boiling 
liquid 


Fre 


( ooled with 


Cu-constantan 
thermopil 
liquid nitrogen 

Drv ice and acetone Cu-constanta 
thermopile 

melting 


Ice and water Constant 


solid 
27 300 Room 
300-400 Hot silicon Chermometet 

> 473 rn nitro Pt-Pt Rh 


thermocouplk 


Thermometer 


> 200 


itmosy] he re 


\ll test data were 
plastic 


reduced to true stress and true 


Strain, assuming constant volume during 


deformation, so that elongation measure 


plastic 
ments define instantaneous areas Chis assumption 
ond 


| 


prec ludes the analysis of the present data 


the necking strain, but for wire specimens 


[he 


defined 


uniform strain 1s virtually total elongation. 


several quantities used in th 


analysis ire 
below 

original length, instantaneous 
length, change in length; 
original area, instantaneous 
change In area 
ipplied load, engineering 
true stress 
engineering Ol elong 


true strain 


Test Results 


L Tem peratu é 


the effect ot te iture 


[t was desired to study 


on the deformation of over its entire solu 


Coppel 


range. However, the i nificance ol tensile tests 


made it temperatures OT¢ itl, exceeding tne 
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| 
| 
A 
A 
wed 
; | + ¢ € + ¢ 
A A J 
| 


ACTA METALLI 


658 


previous annealing temperature is open to question. 


[he testing program actually performed is perhaps 


most easily visualized by reference to Figure 4, 


RATURE 


TEMPE 


ANNEALING 


go 


200 400 600 800 
TESTING TEMPERATURE, * 


Diagram showing 
nnealing history, 


test 


program in 
test, 


the testing 
standard 


FIGURI 


relation tensile 


nsile 


in which each circle represents one or more tests at 


the temperature indicated and each_ horizontal 


row represents specimens having the particular 


annealing temperatures indicated by the vertical 


cross-bar. The cre sses, displac ed slightly dow nward 
for clarity, represent tests in which the strain rate 
was changed during the test in order to determine 
rate sensitivity 

Figure 5 to 7 show the yield strength 


005), tensile strength, and per cent elongation as a 


function of temperature for each of the several 


erain sizes. \lany more tests were made in the 250°C 
anneal series than in the other series. It offers an 
indication of the scatter to be expec ted in a series 


The 


curves of Figure 5 are believed to indicate the true 


of nominally identical specimens. faired 


effect of grain size on the temperature dependence 
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FiGurRE 6. Tensile strength of copper as a function 


temperature for each of several grain sizes. 


Per cent elor gation to tracture asa func tion of 


for each of several 9rain sizes 


vield stress, despite the very apparent 
scatter. The effect of grain size on tensile strength, 
Figure 6, appears to be less than the scatter among 
specimens of a single grain size. Note that tempera- 
ture affects the tensile strength to a much greater 
extent than it does the vield strength, a manifesta- 
tion of the pronounced effect of temperature on 
Figure 7, 


effect of 


strain hardening. Elongation values, 


scatter widely, with no apparent grain 


size. Elongation decreases continuously with tem- 


perature, since in these wire specimens the elon- 


gation is almost entirely the uniform strain that 
occurs prior to necking, a quantity directly related 
to the strain hardening. 

Figures 8 to 12 show true stress, true strain curves 


at several temperatures for each of several grain 


: 
i ow 
4 
x 
x<—change tel wm 
FIGURE 7. 
temperature 
> 
: 
. 
~ 
FiGcurE 5. Yield strength of copper as a function of tem- 
perature for each of several gra sizes. 
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AND 


TRUE PLASTIC STRAIN, 


at several tem- 
grain diameter 


true strain curves 
at 250°C, 


FIGURE 8. 
peratures tor 
0.012 mm. 


[rue stress, 


copper annealed 


stress, true strain ¢ 


Irves 
350°C 


Prue 
copper 


FIGURE 9 


peratures ealed at 


0.015 mm. 


10 


FIGURI True stress, true 
peratures 


0.030 mm 


coppel annealed 


in, the great influence of tempera- 


sizes. Here, ag: 
ture on strain hardening is evident. No evidence 


the discontinuous vielding characteristic of 


impure iron and many other metals was observed 


ot 


at any temperature. 


DI 


FIGURE 11 
peratures tor 
0.045 mm 


pel 


0.090 mm 


important 


be 


may 


temperature 


0.012 mm 


obtained 
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Figure 14 is a logarithmic plot of the true stress, 


true strain data of Figure 18, selected as typical 


Ran 


FiGuRE 14. Typical logarithmic plot”of true stress, true 


strain (data of Fig. 8 


of the several sets of data when plotted logarith- 
mically. Note that, in general, these curves do not 
conform to the straight-line relation implied by 


the equation o = Ke”. However, that relation is a 


sufficiently approximation over a_ limited 


range of strain to be useful in expressing strain- 


hardening quantitatively as m, slope of 


the log stress, log strain curve. Values of m at the 
arbitrary strain of 0.1 were determined and plotted 
in Figure 15 as a function of temperature for each 
grain size. Both temperature and grain size affect 


m significantly. A similar plot of m values at a 


strain of .05 appears virtually the same as Figure 15. 


ng exponent m, trom = Ke. 


temperature for several grain 


FIGURE 15 
= (.10, 
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Effect of Strain Rate 


An attempt 
strain rate upon the stress-strain curve of copper 


was made to study the effect of 
as a function of temperature and grain size by 
rates covering a 


the 


straining at selected constant 


factor of one thousand. However, Variation 
among nominally identical specimens was greater 
than the the 


available. This is not to say that the specimens 


effect of strain rate over range 


were not reasonably reproducible, but rather that 
the effect of rate at room temperature and below 


is very small. This difficulty was circumvented by 


using a ‘“‘rate-change’’ test, in which a rate of 


.04 min~! was maintained to a strain of approxi- 


mately .09, where the rate was changed to .004 


min! and the test continued. Thus, a measure of 


rate sensitivity was obtained using a single speci- 
men. The autographic record allowed very small 
rate sensitivities to be detected. Rate sensitivity, 
ratio of the change in the 


n, is defined as the 


logarithm of the stress to the change in the logar- 
ithm of the strain rate. A detailed analysis of the 


rate-change test revealed that m is essentially 


independent of strain, the direction of the rate 


change, and the absolute values of the rate. 


Rate-change tests were made on specimens of 
each grain size at several temperatures. Typical 


results, obtained on fine-grained samples, are 


shown in Figure 16. Fine-grained specimens were 
COPPER O12 
AMNEALED AT 250°C (525°K 


04——.004—— 04 mw 


STRESS x Psi 


TRUE 


250° ANNEA 


= 


TRUE PLASTIC STRAIN 


flow curves of 
250°C, grain 


FiGuRE 16. Effect of rate changes on the 
copper at several temperatures. 


size 0.012 mm. 


Prior anneal at 


more rate-sensitive than coarse-grain specimens, 


as shown in Figure 17. The strain-rate sensitivity 
extrapolates to zero at the zero of temperature. 


The temperature-dependence of the rate sensitivity 
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AND 


is characterized by two regions. At low temperatures 


the rate sensitivity is small and increases linearly 
with the temperature until a critical temperature 


is reached, above which the rate 
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sensitivity 


increases markedly with temperature (see Figure 


17). This critical temperature corresponds to that 
above which recovery is apparent in the 


° 
/ 
/ 
/ 
RATE CHANGE Tests/ 
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*.04-—.004——.04 min’ 
GRAIN SIZE 
x uM 
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MANJOINE 


/acocé 


z 


1000 1200 1400 


FiGuRE 17. Comparison of rate sensitivity determined by 
rate-change tests with data of Nadai and Manjoine (1) o1 
effect of strain rate on tensile strength. 


change test. These results may be compared with 
those of Nadai and Manjoine |1], who determined 
the tensile strength olf copper (commercially pure, 
annealed 500°C, 


perature and strain rate. Qualitatively, 


five hours) as a function of tem- 
the results 
are similar. The comparatively small quantitative 
differences are not surprising in view of the diff- 


erences in material and technique used to evaluate n. 


Effect of Grain Size 

Some effects of grain size have been presented in 
the previous sections. Figure 5 effectively demon- 
strates the influence of grain size on yield strength. 
The effect is most important at low temperatures 
and decreases with increasing temperature. 

The effect of grain size is most important at 
small strains, becoming less important with 
increasing strain. True stress, true strain curves for 
sizes converge at large strains 


different grain 


Stating the facts more elegantly, the differences in 


flow stresses are progressively decreased with 
increasing strain because coarse-grained specimens 
strain-harden more rapidly than fine-grained speci- 
mens. Figure 18 quantitatively demonstrates the 
effects of grain size on flow stress as a function of 
strain. 

In Figure 18 it is instructive to note some of the 


details of the dependence of flow stress on strain 


rate- 


are 
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at temperature. The log 


a — log d plots for strains of 0.002, 0.01, 0.03, 


and grain size room 
and 
0.10 converge to a common point at approximately 


1.6 X 10 


polat ion 


After recognizing the great extra- 
that 


“cm 


is interesting this 


involved, it 


diameter” corresponds roughly to 


Wood's [2] ‘‘limiting crystallite size’’ of 0.7 10 


“convergence 


SRAIN 


Effect of grain size 


at 300°K 


FIGURE 18 


for selected strains 


\t 


than 0.10, the flow stress is independent of grain 


cm tor 99.999 per <¢ copper strains larger 


size; the stress level continues to rise with increas- 


ing strain, and the plots no longer 


Wood 


8S to 10 per cent reduction by 


converge 


obtained his ‘‘limiting crystallite size”’ at 


rolling: there itter, 


the ‘“‘crystallite size’’ alternately decreased and 


increased as the copper was deformed further 


Consider again the ‘‘convergence diameter 


Assuming the Frank-Read [3] model of a dislocation 


be 


veneration Ol 


generator, it can shown [4] that the critical 


tor the dislocation loops is 


stress 


civen by: 


Gb 


or, alternativel 


il tensile stress, 


crits 


stress, 


critical shea 


Young’s modulus of elasticity, 


shear modulus of elasticity 


length of Burger’s vector, 
distance between pinning points of dislo 


tion line. 


present case, / 16.000 000 psi 


LO-°cm, 


LQ 


to be 


one 
he 


il stress 


itom spacing 
the 


is computec 27,900 psi hich 


be t convergence diameter, 1.6 X cm, 


iti 


CI 


‘nce stress olf 56,000 psi, 


agrees with the “‘convergt 
accurac\ of this calculation 


ind 


Wood's 


within the 


“convergence diameter”’ 
observations 


consistent with 
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“limiting crystallite size’’ and the ‘‘critical stress’’ 


defined by a Frank-Read dislocation 


length equal to the ‘“‘convergence diameter.” 


The authors believe the coincidence to be signifi- 
cant. 


Figure 6 shows that variations in grain 


have ver\ 


copper. This point is strikingly demonstrated by 


Figure 19, which plots the tensile strength of 


nominally pure copper taken from many literature 
sources |5-21] as well as trom the present investiga- 
tion. 


ind 


Sizes, 


Regardless of minor composition differences 


widely different heat treatments and grain 


the tensile strength, temperature relation is a 


narrow band. This results from an inverse relation 


between vield strength and the strain hardening. 


Specimens that have low yield strength harden 


more rapidly than those with high vield strengths, 


at a given temperature, so that all specimens 


approach the same flow stress at large strains. 


The data of 
in the range from 500° to 750°K probably because 


s,engough |9] appear to be anomalous 


of unknown impurities. 


RGICA, 


source of 


size 


little effect on the tensile strength of 


1953 


VOL. i, 


Fracture 
Figure 7 shows the decrease in per cent elonga- 


tion to fracture with increasing temperature, a 


phenomenon closely related to the decrease in 


strain with increasing 


Below 


were of the typically ductile, necked-down type. 


hardening temperature. 


a definite high temperature, all fractures 
Above that temperature, all fractures were of the 
intergranular type. The maximum temperature for 
the grain size 


fail 


fracture is a function of 


20). 


ductile 


(Figure Fine-grained specimens inter- 


AN 


ntergranular fracture 


size. 


Iranscrystalline to 


a function of grain 


FIGURE 20 
transition temperature as 


granularly at a lower temperature than coarse- 


grained specimens. The crosses terminating some 
o-e curves in Figures 8 to 12 indicate intergranular 


fracture. 


Summary 


Constant strain-rate tensile tests have been 


performed on polycrystalline wires of per 


cent copper Over a temperature range extending 


from 20° to 1223°K. Tests were made on five series 


ol specimens, annealed at 250°, 350°, 550°, 750° 
and 950°C to produce average erain diameters of 
OZ. .O15. .030. .045. 


presented as true stress, 


ind .090 mm. The data are 


true strain plots, as well 


as plots of vield strength, tensile strength, and per 


cent elongation. These data were analyzed to 


determine the effect of temperature and grain size 


on the flow stress at selected strains, the strain 


hardening, and the fracture characteristics. 
used to determine 


the 


Rate-change tests were 


the effect of strain rate on flow stress as a 
function of temperature and grain size. 

It is concluded that: 

1. The flow curves (stress-strain) of copper vary 
regularly over its entire solid range. No discontin- 
uous yielding was noted at any temperature in the 
range from 0.015 to 0.905 of the absolute melting 
temperature. 


2. The vield strength, tensile strength, and true 


y 
‘ a 
y 
s 
ee ‘ ‘ 
* 
. 
x 
c 
\ 
FIGURE 19 lensile strength vs temperature for nominall ee 
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AND 
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flow stress at arbitrary strains extrapolate to 


finite values at the absolute zero of temperature. 
There is relatively little dependence of the yield 
strength on temperature, but there is a marked 
increase in strain hardening with decreasing tem- 
perature, so that the flow stress at large strains 
and the tensile strength vary markedly with 
temperature. 

3. The effect of grain size on strength is more 
pronounced at low temperatures. Grain size affects 
the yield strength markedly, larger grain sizes 
having lower yield strength. The effect of grain 
increasing strain, so that it 
the 


temperature 


decreases with 
little 


tensile 


size 
exerts influence 
The 
nominally pure copper annealed at any tempera- 
that be 


described by cent 


on tensile strength. 


strength, relation for 


ture recrystallization may 


LO 


produces 


a single curve with a pet 
scatter band. 

t. At 300°K, the flow stress o at arbitrary small 
strains is related to the grain diameter d by log 
B-a 


increasing strain, so that the straight line plots 


o = log log d, where ‘‘a’’ decreases with 


converge to a common point. The convergence 
point (o’, d’) is consistent with Wood's “‘limiting 
cr\ stallite size’’ for copper and with the critical 


stress of a Frank-Read dislocation generator ol 


effective length d’. 
5. The 


n = Alog stress/Alog strain rate) is 


defined 
at O°K, 


increases linearly with temperature to an inflection 


strain-rate sensitivity 


aS 
Zero 
point at some critical temperature, and then 
increases linearly with a much greater slope. The 
critical temperature corresponds to that tempera- 
ture where appreciable recovery occurs during the 
rate-change period. Fine-grained specimens are 
more rate sensitive than coarse-grained specimens. 

6. The uniform elongation that occurs prior to 
continuously with 
ol 


strain hardening with temperature. The transition 


ne king increases decreasing 


temperature, a logical result the variation of 


temperature from the transgranular, necking type 
of fracture to the high-temperature, intergranular 
a function of grain size. Fine-grained 


is 


fracture 


specimens fail intergranularly at lower tempera- 


tures than coarse-grained specimens. 
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LOCAL ATOMIC ARRANGEMENTS IN GOLD-NICKEL ALLOYS* 


P. A. FLINNt, B. L. AVERBACH{, and MORRIS COHEN} 


Che local atomic arrangements in gold-nickel alloys are determined as a function of composition 
by observations of diffuse X-ray scattering. Measurements are made at —190°C on alloys quenched 
from above the solubility gap, there being experimental evidence to show that the high temperature 
atomic configurations can be retained on quenching. The X-ray data reveal that these alloys exhibit 
1 preference for unlike neighbors above the solubility temperature and have short range order 
analogous to that in copper-gold alloys. 

The sizes of the atoms in the solid solutions are also measured from the diffuse scattering. The 
gold atom in solution is smaller than in the pure metal, but larger than the average atomic dimension 
calculated from the lattice parameter of the solution. Correspondingly, the nickel atom in solution 
is larger than in the pure metal, but smaller than the average atomic dimension of the solution. 
Moreover, the size of each atom varies with the composition of the solution. 


LES ARRANGEMENTS ATOMIQUES LOCAUX DANS LES ALLIAGES OR-NICKEL 


Les arrangements atomiques locaux dans les alliages or-nickel sont déterminés en fonction de la 
composition, par l’observation de la dispersion diffuse des rayons X. Des mesures sont effectuées 
a la température de —190°C sur des alliages trempés en partant d’une region se trouvant au-dessus 
de la lacune de solubilité, certains résultats expérimentaux indiquant qu'il est possible de retenir par 
trempe les configurations atomiques qui existent aux températures élevées. Les données obtenues 
au moyen des rayons X indiquent, qu’au-dessus de la température de solubilité, ces alliages mani- 
festent une préférence pour les voisins dissemblables, et un ordre a petite distance, analogue 4a celui 
des alliages cuivre-or. 

Les dimensions des atomes dans les solutions solides sont aussi mesurées en partant de la dispersion 

L’atome de l’or est plus petit dans la solution que dans le métal pur, mais plus grand que la 
ne de la dimension calculée a partir du paramétre du réseau de la solution. De méme, 
nickel est plus grand dans la solution que dans le métal pur, mais plus petit que la valeur 

la dimension des atomes de la solution. En plus de cela, les dimensions de chaque espéce 


t avec la comp sition de la solution. 


DIE ATOMVERTEILUNG IN GOLD-NICKEL LEGIERUNGEN 


in Gold-Nickel Legierungen wurde als Funktion der Zusammenset 

der diffusen R6ntgenstrahlstreuung bestimmt. Die Messungen 

ngen ausge fiihrt, die yon der Mischungsl tic ke herab abgeschreckt 

: experimentelle Material zeigt, dass die bei hohen Temperature: 

beim Abschrecken erhalten bleibt. Die réntgenographischen Daten 
Legierungen oberhalb der Léslichkeitstemperatur bevorzugt eine Anordnur 
bilden Init i] Kupfer-Gold Legier Ingen entsprechende Naheordnun 


I in den festen Lésungen aus der diffusen Streuung bestimmt 
das Goldatom kleiner al reinen Metal, aber grésser als die mittleren atomaren 
li mit Hilfe der ‘rkonstanten berechnen kann. Dementsprechend ist 

Osung grosser! inen Metal aber kleine r als die mittleren atomaren 


\usserdem dander i ie Grésse jedes Atoms mit der Zusammensetzun 


‘ even above the critical disordering temperature. 

1. Introduction [here is also X-ray evidence to indicate that the 
Recent X-ray studies of binary solid solutions disordered solid solution in the alloys CuPt and 
have shown that the two types of atoms are CuAu contains ordered regions which are too 
seldom arranged in a completely random fashion’ small to diffract as a phase, but which have the 
on the lattice sites [1].§ In alloys which form super- structure of the lower-temperature superlattice. 
lattices, for example Cu;Au and CuAu, each atom The order-disorder transformation thus appears 
exhibits a preference for unlike nearest neighbors rather analogous to a nucleation and growth 


process in that the ordered phase may grow from 


*Recel | ine 1953 This work was pe rformed 
U.S. Atomic Energy Commission under Ordered nuclei existing in the parent solution. 
1002 and represents a portion of a thesis This 


viewpoint is also consistent with recent 
yartial fulfillment of the require- é 

Metallurgy at the Massachu- Observations [2] of two phase regions in allovs on 
Cambridge, Massachusetts, either side of the stoichiometric composition. At 


address: Department of Physics, Wayne Univer- the stoichiometric composition, a two-phase region 
it, Michigar 

ment of Metallurgy, Massachusetts Institu 
vy, Cambridge, Massachusetts. pounds with metallic binding. The superlattice 


1] contains a summary of the available 


does not appear, such alloys behaving like com- 


which develops just below the ordering tempera- 
ta and the experimental techniques used for these me: é ange : 
ments ture is, however, imperfectly ordered, even after 
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long periods of heating. This suggests that the 
ordered nuclei existing above the critical tem pera- 
ture may also be imperfectly ordered. The order- 
disorder transformation thus seems to combine 
certain features of both first order and second order 
transformations. 

Relatively few data are available for solutions 
which do not form superlattices. Recent studies of 
aluminum-zine [3] and aluminum-silver [4] solid 
the 


shown that each atom prefers to surround itself 


solutions above solubility temperature have 


with /ike nearest neighbors. This may be taken as 
evidence for the presence of nuclei rich in solute 
atoms existing in equilibrium above the solubility 
system, shown in 


temperature. The gold-nickel 


Figure 1, would seem favorable for a similar study. 


Liquid 
Solution 


Temperoture °C 


0.4 0.6 


omic Fraction 


VicKkel 
FiGuRE 1. Gold-nickel phase diagram 
There is an unbroken series of ftace-centered cubic 


solid solutions above 840°C, and on cooling, the 


alloys decompose into two face-centered cubi 
solutions, one rich in gold and the other rich in 
nickel. There is also an adequate difference between 
the scattering factors of gold and nickel atoms so 
that the local atomic arrangements can be meas- 
ured by observations of diffuse X-ray scattering. 

Solid solutions may be divided into two classes 
on the basis of their heats of mixing. Solutions with 
a negative heat of mixing (heat evolved) usually 
exhibit a tendency for superlattice or compound 
formation. Copper-gold alloys, for example, have a 
[5]. Solutions 


positive heat of mixing (heat absorbed 


negative heat of mixing with a 


generally 


display limited solubility, particularly at suffic- 


iently low temperatures, and therefore such 


systems are useful for studying the nucleation and 
growth processes leading to observable precipita- 


tion [6; 7; 8]. The thermodynamic properties and 
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the local atom arrangement have been related 


by means of the quasi-chemical theory [9]* which 
predic ts quantitatively the iverage preterence lor 
like or unlike nearest 


neighbors depending on 


whether the heat of mixing is respectively positive 
or negative. These predi tions seem to be borne 
Coppel 


ind X-rav 


out in the case of alloys where both 
thermodynami 
available [10]. 

The gold- 


nickel svstem have been determined recently [1] 


measurements ire 


thermodynamic properties of the 


Che heat ol mixing is found to be positive and the 
quasi-chemical theory 
like 


an only 


thus predicts a 


a solution containing 


preterence 


for nearest neighbors atomic configura 


tion « exist in 


rich and nickel-rich regions, and such clustered 
solution is consistent with the miscibility gap in the 
phase diagram in the sense that gold-rich and nickel- 
rich solutions precipitate on cooling. 


Diffuse X-ray 


solutions were undertaken, 


measurements gold-nickel 


therefore, in order to 


ascertain the local atomic arrangements, and thus 


afford a critical test of the quasi-chemical approach. 
The X-ray 


from which it 


results are described in this paper, 


becomes evident that the quasi 


chemical theory is not generally applicable in its 


present torm. 


2. X-ray Measurements of Local Atomic 


Arrangements 
| he lox al 


be determined by 


atomic arr: in solid solutions 


ingements 


can observations ol the diftuse 


X-ray scattering; the principal experimental tech- 


niques have been summarized in a recent review 


1]. In addition to the nearest neighbor identities 
it is also possible to obtain information relative t 
the iverage sizes of the atoms 1n the solut on, 
this proved to be an important a 


Che 


and 


spect of the presel! 


investigation. diffuse si due t 


local 


trom 


ittering 


order size effects in a powder patte1 


a binary solution is 


*In this theory, the 


be the sum of the 
On mixing of the 
formed at the expense of o1 
\-A) + (B-B 2(A-—B 


formed is assumed to bi 


enthalpy of a solid solutio1 


irest-neig 


pure compo! pairs 


ompo! 


| 
(OL. 700} 
a, +2 
953 500] | 
300| 
ven 
1. 
1) 
SIn O? sin | 
i+ > Cia cos ) | 
he heat of mixing per A-B bond 
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diffuse intensity in electron units, 
number of atoms which diffract, 
atom fraction of A atoms, 
atom traction of B atoms, 
scattering tactor tor \ atoms, 
si attering factor for B atoms, 


number of atoms in the 7th shell, 


sin 6 


diffraction angle, 


irradiating wavelength, 
a given atom to its 7th 


distance from 


shell of neighbors, 


atomic is described in 


Che al 


terms of the coefficients a 


arrangement 


where: 


is the probability of finding an A atom in 


shell 


is thus the number of 


and Pp 


the ith about a B atom at the origin. C;p 


A atoms in the 7th shell about 


a B atom; while C,m, is the random number of A 


i 


atoms in the 7th shell about a B atom. 
The 


parameter 


average atomic sizes are described by the 


where 


T a ) 


shell 


from the lattice parameter 


= average radius of 7th calculated 


= distance between an A atom and another 


in the 7th shell around it 
significance of r; and r‘44 may be seen in 


2 in terms of a one-dimensional array of A 


FIGURE 2. 
of n atoms 


\tomic size effect in a one-dimensional array 
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sizes. distance 


and B The 


between a large number of atoms is measured over 


atoms with different 


an average number of large and small atoms, 


providing there are no gross segregations. The 


distance between an atom and another in its 


100th shell is thus sharply defined and independent 
The 


reflections arise primarily from the gross average 


of the atomic. identity. sharp crystalline 


periodicity in the lattice, and hence a solid solution 
will have a well defined lattice parameter. On the 


other hand, the distance between nearest neighbors 


depends on the identity, and three distances 


ap are possible, (where 7 1). Only two 


of these variables are independent if the average 
r, is fixed. These local deviations from the average 
lattice site contribute to the diffuse X-ray scatter- 
ing because they introduce a randomness of 
position, and this effect is described quantitatively 
in terms of the parameter §;.* 

The shape of the diffuse scattering is largely 
determined by the sign of the coefficients a;. 
For example, if the a;’s are zero, the diffuse inten- 
sity described by equation (l) isa smoothly falling 


called 


If a; is negative, and thea;’sforz > l are negligible, 


function, the Laue monotonic scattering. 
there is a diffuse peak about halfway between the 
origin and the first lattice reflection. If ay is positive, 
the a;’s for 7 > 1 are 


diffuse peak near the origin (small angle scattering). 


and negligible, there is a 


The coefficients 8; modify these shapes somewhat, 
but do not usually change their essential character. 
Measurements of diffuse scattering can thus provide 
specific information regarding both the average 
and the sizes of the atoms in 


identity average 


solid solution. 


3. Experimental Method 


Gold-nickel alloy specimens were prepared by a 
variety of techniques. X-ray transmission samples 
nickel 


to give a 


were made by rolling foils of gold and 


together and annealing long enough 
homogeneous alloy. Thicker specimens were pre- 
pared by melting high-purity nickel and gold and 
rolling the ingot to obtain sheet. It was possible 
to secure randomly oriented fine grain samples by 
alternate rolling and recrystallisation treatments. 

The diffuse X-ray scattering was measured by 
both 


The geometry of the photographic transmission 


photographic and spectrometer methods. 


*It should be noted that parameter 8 is a function of the 
distance between atoms, and no assumptions concerning the 
atomic shapes are involved; the spherical atoms shown in 
Figure 2 are drawn only to illustrate the meaning of the 
parameter. 
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FIGURE 4. Photograms and microphotometer 
\ickel allovs \. Photogram tor 60 per cent 
900°C B. Photogram of same sample as above 
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technique using CoKa radiation, monochromated 
by the (111) 
fluorite crystal, is shown in Figure 3. 


reflection from planes of a bent 


Since 


reflection of fluorite 


the 
structure factor for the (222 
is almost zero, the half-wavelength component of 
the Che 


one-third wavelength component was eliminated 


white radiation was virtually absent. 


by operating the tube at 22 kv, which is the cut-off 


voltage for this radiation. Air-scattering was 
eliminated by exposing the specimen in a vacuum 


or in a helium atmosphere and by introducing 
suitable slits and baffles. The focusing geometry 


illustrated in Figure 3 permitted observations down 


FIGURE 3. 
method. 


Camera arrangement used for photographi 


Che 
that 
diffraction photograms could be taken of specimens 


to diffraction angles of about degree. 


camera 


one 


was equipped with a furnace so 
at 900°C as well as of samples quenched to room 


The 


quenched samples did not differ significantly 


temperature. diffuse scattering from the 


in 
nature from that observed at the high temperature. 

A typical diffraction photogram and the corres- 
ponding microphotometer trace are shown in 
Figure 4A. The well at the left edge is the shadow 
of the beam catcher; the diffraction lines are the 
(111) and (200) of the face-centered cubic structure. 
Similar 


containing 10 to 90 atomic per cent nickel. The 


scattering was observed from alloys 


shape of the diffuse intensity curve resembles that 
the Cu;Au 


alloys exhibiting a preference for 


of alloys possessing type of short 


range order, 1.e., 
unlike nearest neighbors (see Figure 5B). There was 
no evidence of clustering in any of the gold-nickel 


alloys, even after precipitation had started on 


iB 


alloy which 


heating within the two-phase region. Figure 
illustrates the diffuse scattering for an 


was aged at 315°C long enough so that the diffrac- 
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tion lines of the gold-rich and nickel-rich precipi- 
tate phases as well as those of the matrix phase 
clearly visible. Yet the diffuse si ittering from 
remaining matrix is still characteristic of 

solution with 


preference tor unlike nea 


bors. 
| igure 5A represents 
50 


pattern taken from an 


aluminum atomic per cent zinc alloy at 400° 


by Rudman [3] using the same technique employed 


here. The small angle scattering, typical of cluster- 
visible, and indicates 


had 


this method 


ing in these alloys, is clearly 


that clustering in the gold-nickel 
existed, could have been dete ted by 


5B 


quenched Cu;Au specimen, from which it is evident 


Figure shows the diffuse scattering trom i 


that the gold-nickel scattering has a similar form 


irom 


In order to calculate v ilues for a ind 8 


equation (1) it is necessary to determine 


the 


intensity in electron units. Although it is possible 


to obtain the form of the diffuse scattering photo- 
diffi ult the 


diffuse measured, 


graphically, it iS to standardize 


Che 


with a 


intensity. scattering was 


therefore, Geiger-counte! 


\ bent 


ti 


spec trometer. 


Coka radia- 


fluorite monochromator and 


at 22 kv were used here also. To make measure 


ments at low angles and to enhance the intensity, 


the defocused geometry shown in Figure 6 was 


adopted. Since there was no sharp fluctuations 


loss of 
Che 
by 
the 


in the diffuse intensity » 4) the 


resolution in this procedure was not serious 


intensity in electron units was determined 


comparison, under identical conditions, with 


scattering from lucite, Pyrex glass, or paraffin. 


The scattering in electron units from the latter 


was calculated on the basis of independent scatter- 


ing by the constituent atoms. The spec imens used 


for the reflection spectrometer technique were 


| 
KV 
| 
specimen 
953 
Bent A 
Fluorite / 
rysto 
>< 
‘ 
FIGURI Creiger-counter ( me te ri 
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infinitely thick to the X-rays, and the sample was 
always maintained at equal angles with the inci- 
dent and diffracted beams. 

The spectrometer was equipped with a_ high- 
temperature chamber for runs at 900°C, as well as 
with a low temperature chamber tor runs at 
—190°C. At high temperatures the specimen was 
bathed in an atmosphere of hydrogen at a few 
centimeters pressure; at low temperatures an 
atmosphere of cold dry helium was used. A typical 
set of measurements made at 900°C at room 
temperature after quenching from 900°C, and at 
—190°C on the same alloy is shown in Figure 7. 


FIGURE 7. Diffu attering 50 atomic per cent 


ickel alloy, show1 fects of tet rature of measurement 


At low diffraction angles the scattering is the same 
for the three measuring temperatures; at higher 
angles the curves separate in a manner consistent 
with the expected increase in the temperature 
diffuse scattering. 

The diffuse scattering in Figure 7 was first 
converted to electron units by means of the 
experimental calibration, and then corrected by 
the Lorentz and polarization factor. The resulting 
scattering contained, however, contributions due to 
temperature and Compton modified scattering. 
The temperature diffuse scattering was calculated 
on the assumption of independent vibration of the 
atoms; the details of this calculation as well as 
those for the Compton scattering are given in 
reference [1]. The remaining scattering, due to 
local atomic arrangements, was approximately 
the same for each of the three curves in Figure 7, 
thus indicating that the local atomic arrangements 
at 900°C could be preserved by quenching. 

In order to minimize the error introduced by 
the temperature correction, most of the data 
reported here were obtained at —190°C. The 
Fourier transform used for analysis also helped to 
minimize systematic errors, such as faulty tempera- 
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ture correction. Typical results, in electron units 
after all corrections and subtractions, are plotted 


in Figure 8. 


4. Analysis of the X-ray Data 


The diffuse scattering from the _ gold-nickel 
alloys could not be interpreted in terms of the local 


order coefficients, a;, alone, but required the intro- 


FIGURE 8 Comparison of measured and _ calculated 


diffuse intensities. 


duction of the parameters, 8;, to account for the 
differences in atomic sizes. It is possible to deter- 
mine the values of @; and 6; from the corrected 
diffuse scattering, such as that shown in Figure§8, 
by a least-square fitting of equation (1). A more 
satisfactory method involves the use of a modified 
Fourier transform [11]. The resulting transform is 


given by: 


= | exp -a sin SrdS 


where: 


Vmamp( fa — fa 


i 


K(S 


So = maximum value of S for which the intensity 

is measured. 
The value of the damping constant a@ was chosen 
such that aS) = 1.5; the exponential weighting 
function minimizes the effects of an abrupt termina- 
tion of the data at S) where the diffuse intensity 
due to local atomic arrangements may not yet be 
negligible. The integration required in equation (5) 
was carried out as a summation using Lipson- 
Beevers strips and a typical transform is shown in 
Figure 9. 

The important feature of the transform is the 
double peak about 7:, the average distance between 
nearest neighbors as determined from lattice 
parameter measurements. The negative peak at a 
distance less than 7; and the positive peak at a 


distance greater than 7; arise from the fact that the 


at 
| 
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smaller nickel atoms have a scattering power less 
than the average for the alloy, whereas the larger 


gold atoms have a greater-than-average scattering. 


The function f,(7) would be zero for a perfectly 


random distribution of atoms of the same size. 


FIGURE 9. Modified Fourier transform of diffuse 
from a 70 atomic per cent nickel alloy. 


intensity 


f(r 


ted from the moment of the twin peak about 7; 


by the equation [12]: 


(6) 


where: 


2a) error integral 


(6 


The interval, 26, is chosen large enough to include a 


representative portion of the function f,(7) in the 
vicinity of 7, and does not have to include the entire 
peak. 

The coefficient a, was calculated from the net 
area under the twin peak within the interval 26 


by the equation [12]: 


Ciyi = 


where 


A 


— 


It is evident that the coefficients beyond the first 
shell are not well enough resolved by the powder 
method to be determined here, but their magnitudes 
appear to be small. 

The values obtained for a; and 8; were inserted 
the 


resultant intensity 


the 


into equation (1) and 


distribution compared with experimental 


points in Figure 8. Most of the scattering is well 


accounted for by considering only nearest neighbor 
interactions, and the rather small discrepancy at 
higher diffraction angles may arise from an inade- 


is such that the coefficient 6, can be calcula- 
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quate temperature correction or from some other 


source of diffuse intensity, such as stray fluorescent 


scattering. Fortunately, the modified transform 


discriminates against these systematic errors 
5. X-ray Results 
Che 


function of composition fol 


values of a; and 8, were determined as a 
a series of gold-nickel 


QO0~( 
| he 


alloys quenched from and measured at 


190°C Figure 10 precision of the 8B, 


determination is somewhat better than that of the 


a, because the latter involves the subtraction 


of two relatively large numbers. I[n all « 


ises, 


however, the value of a; is negative, indicating a 


preference tor un/ike nearest neighbors. This short- 


range order is of the same type and magnitude as 


that observed in copper-gold illovs, despite the 


difference in the phase diagrams, and in the sign 


of the enthalpies of mixing The average 


nearest 


neighbor identities, calculated from the equation 


) 


2) and smoothed qa, values in Figure 10 are 


Table I. 


shown in 


summarized in 
Che 


consistent 


values of B Figure 10 are not 


with the customary assumption that 


nickel atoms retain the size in 


that 


gold and same 


solid solution they have in the pure metals 


If this were the case, the corresponding values of 


8, would be more than twice those observed 


The linear dependence of 6; on omposit suggests 


that 


(Ss 


EBB 4 


Introducing these relationships into equation 


| 
2 
— Vm (d/a) exp /4a 
Atorr Fr A ‘ 
4 3 FIGURI 10 Short range rae re 
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NEAREST-NEIGHBOR IDENTITIES IN GOLD-NICKEI 


\LLOYS 


\VERAGI 


Number of gold 


atoms surrounding 


Number of nickel 

atoms surrounding 
\tomi a gold atom a nickel atom 
fraction 
Nickel 


Random Random 


Measured Measured 


solution solution 


020 

030 6.0 
O38 S.4 
O40 9.0 
032 


and since a; can generally be neglected in compari- 


son to Or we have: 


l 
variation of 8B, 
with composition and the values of a and £; 
m, = !1 


[his equation represents a linear 


can 


be obtained from the intercepts at and 


my, = 1 in Figure 10. This method was used to 


determine e€'4 44, and e'x;x; as a function of composi- 


tion. The average distance between nearest lattice 


points, r;, was obtained from the lattice parameters 


13: 14], and the average nearest-neighbor distance 


between gold atoms fr'4y4, and nickel atoms 


rsy~; Was then calculated from equation (4) for each 


composition. 


FiGuURE 11 \tomic sizes as functions of composition in 


gold-nickel alloys. 


average distance between 
* 


For convenience, the 
neighboring like atoms is considered to be the size 

*This could be visualized as the effective diameter of the 
atom in solution. 
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of the atom in question. The atomic sizes as a 


function of composition are given in Figure 11. 
The size of the gold atom in pure gold, 7o.4y, and 
of the nickel atom in pure nickel, 7o.x;, as well as 
determined 


the interatomic 


from the lattice parameter, are aslo shown. The 


average distance 7” 
actual atomic sizes, 7, yay and 7yjyi, fall in between. 
The gold atom is larger than the average inter- 
atomic spacing, but less than that of pure gold, 
while the nickel atom is smaller than the average 
interatomic spacing but larger than that of pure 
nickel. The size of each atom varies with composi- 
tion, and is tabulated in convenient form in Table IT. 


I] 


\VERAGE SIZES OF GOLD AND NICKEL ATOMS IN SOLUTION 


\tomic \verage Size of Size of 


fractio1 size gold atom | nickel atom 


Nickel 


6. Discussion of Results 


The X-ray data on local atomic arrangements in 
the 


generality of the quasi-chemical approach. In this 


gold-nickel alloys cast serious doubts on 


system, both the phase diagram and the measured 
that 
the solid solution should contain clusters of like 


thermodynamic properties suggest strongly 
atoms, yet the X-ray measurements indicate that 
the local order is of the opposite kind. Thus, there 
is no indication that the solution contains embryos 
of the phases which eventually appear on cooling 
below the solubility limit. 

In addition, the existence of local order with a 
greater-than-random number of unlike neighbors 
would imply, according to the quasi-chemical 
treatment, that the A-B bond is stronger than the 
average of the A-A and B-B bonds. If this were 
actually the case, the preference for unlike pairs 
should also be present in the liquid state. However, 
Seigle, Averbach [11] 
that the gold-nickel liquid solutions are virtually 
the that 


Cohen and have shown 


ideal, which contradicts hypothesis 


672 
0.30 3.7 4 
0.50 0 6 2 6.0 6.2 
0.75 0 9 4 3.0 3.1 
0.90 0 11.2 1.24 
ri(A rx i(A 
2 88 2 88 
0.30 0 040 7a 2 SO 2 
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ee 0.70 0.028 2.63 2.69 2.59 
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“A likes B” is an explanation of the local order in 
the solid state. 

It seems more likely that both the local order in 
the gold-nickel solid solutions and their positive 
heats of mixing are attributable to lattice strain 
energy resulting from the marked difference in the 
size of the two atoms. Such elastic energy, of course, 
would be absent in the liquid state, and would 
thus account for the difference in thermodynamic 
behavior between the liquid and solid solutions. 
On this basis, it is conceivable that the local order 
achieves a reduction in strain energy because of a 
somewhat more efficient packing of the large and 
small atoms.* At lower temperatures, where the 
randomizing effect of entropy is not so pronounced, 
it appears that the strain energy can be further 
reduced by decomposition of the solid solution 
into a gold-rich and nickel-rich phase. 

The that 


chemical theory in its present form is inadequate 


conclusion is reached the quasi- 


to describe the relationship between the observed 


thermodynamic properties and local atomic con- 


figurations. The chemical bonding forces may be 
controlling in restricted cases, but other factors, 


such as lattice strain energy, will have to be 


considered to obtain a more general treatment 


This approach may now become more feasible in 


*An attempt was made to determine whether a superlattice 
could be formed in this system. Alloys of stoichiometric 
composition NiAu and Ni;Au were quenched from 900°C 
and heated for several months at 200°C where the precipita 
tion reaction is very slow. However, no superlattices wert 
found. 
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the light of the measured atomic sizes reported 


herein. 
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THE INFLUENCE 


OF OXYGEN CONTENTS ON TRANSFORMATIONS 


IN A TITANIUM ALLOY CONTAINING 11 PER CENT MOLYBDENUM* 


D. J. DELAZARO and W. ROSTOKER?{ 

I s been demonstrated that an approximately quantitative relationship exists between oxygen 

tent and the rate of precipitation of alpha from beta in a Ti 11% Mo alloy. The presence of 

oxygen was correlated with the occurrence of sub-grain boundary structures and abnormal variations 

precipitation rates from grain to grain. An explanation of the transformation rate effects was 
iggested in terms of polygo ization concepts 

L'INFLUENCE DES TENEURS EN OXYGENE SUR DES TR \NSFORMATIONS DANS UN 

ALLIAGE DE TITANE CONTENANT 11 POUR CENT DE MOLYBDENE 
Il a été démontré qu’il existe une relation approximativement quantitative entre la teneur en 
oxygéne et la vitesse de précipitation de l’alpha a partir du béta dans un alliage de Ti + 11% Mo. 


La 


Variati 


presence 


de la vitesse de 


DER EINFLUSS DES SAI 


PrITANLEGIERUNG MII 


Es wird gezeigt, 


yns anormales dans la vitesse de précipitation, d’un grain a l'autre. 
transformation en termes des concepts de polygonisation, a été proposée. 


ERSTOFFGEHAL 


dass eine nahezu quantitative 


de l’oxygéne correspond a l’apparition de structures de sous-joints cristallins et de 


Une explication des effets 


ES AUF DIE UMWANDLUNGEN IN EINER 
ll PROZENT MOLYBDON 


3eziehung zwischen dem Sauerstoffgehalt und 


der Geschwindigkeit der alpha-Ausscheidung von beta Ti in einer Ti + 11% Mo Legierung besteht 
Die Gegenwart von Sauerstoff wurde zu dem Auftreten von Sub-Korngrenzenstrukturen und ab 
normalen Variationen in der Ausscheidungsgeschwindigkeit von Korn zu Korn in Beziehung gesetzt 
Eine Erklarung der Transformations-geschwindigkeitseffekte im Rahmen der Polygonisationsvor- 


stellung wird vorgeschlage1 


In the system Ti 
(beta 


Mo 
ol 


lower temperatures with increasing 


the high-temperature 


modification titanium is stabilized to 


progressi\ ely 


additions of molybdenum. There are no known 
intermediate phases. The kinetics of the trans- 
formation 6— a+ 8 have been discussed in an 


earlier publication [2]. In this work it was noted 
that the surfaces of specimens were invariably in a 
the 


superficial 


transformation than 


that 


more advanced state of 


The 


it mospheri 


interior indications were 
contamination occurring 


1000°C 


increases In 


during the solution treatment at were 


responsible. In view of the variability of oxygen 


contents in commercial and experimental alloys, 


it was considered that a useful purpose would be 


served in demonstrating that a_ relationship 


existed between oxygen content and transforma- 


tion rate. 


A titanium alloy containing 11 per cent molyb- 


denum was chosen as an alloy base. A 25-gram 


melt was made from iodide titanium to provide 


an alloy containing < .02 per cent oxygen. A 
second melt was made using magnesium-reduced 
sponge titanium containing about 0.15 per cent 


oxygen. Two further melts were made using sponge 
titanium and TiO» additions to raise the oxygen 


levels to about 0.35 and 0.55 per cent oxygen 


*Received June 8, 1953. 
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hot 
+ inch rods and cut into small 


three alloys 


Che 


forged to } inch by 


latter 
1 


respectively. were 
specimens for heat treatment. The iodide titanium- 
base melt was cold rolled to 0.060 inch to provide 
specimens. At no time was this alloy submitted to 
any conditions which might permit contamination. 

Using lead baths and conventional heat treat- 
ment procedures for studying isothermal trans- 
formations [2], TTT charts were constructed for 
alloys. In the of the 


the oxygen-bearing case 


iodide titanium-base alloy, the specimens were 
sealed in evacuated Vycor bulbs tor heat treatment. 
The quenching rates into a lead bath under these 
conditions were not ideally rapid so that trans- 
formation times of less than five minutes could not 
be accurately estimated. Time periods for this alloy 
were chosen from five minutes to two hours. The 
accuracy of the “‘start of transformation” curve 
is regarded as somewhat poorer than for the other 
alloy Ss. 

The ol 


four alloys are plotted in Figure 1. The ‘“‘finish of 


‘Start transformation’’ curves for the 


transformation” curves are shown in Figure 2. 


The following points may be noted: 

(a) Times for visible initiation of transformation 
are shortened by oxygen additions. The effect is 
the the C 


curves. At the higher oxygen levels, transforma- 


most pronounced above ‘knee’ of 


tion begins so rapidly that it is difficult to suppress 
it except by the most rapid quenching. 
(6) Times for completion of transformation are 


PLATE I. Figure 3--11% Mo alloy 
for 20 minutes followed by a quen 

structure illustrates the sub-grain bo 

in Fig. 3. Heat treatment involved an isoth 

the conventional manner ot precipitatior 

of the ease with which slip lines originatin 
change in direction. Note that the slip lines ar 
allov and heat treatment as Fig. 4. Mi 


adjacent beta grains 250 


a 
6 
0.55% oxve He 
ind a hold for 30 | 
iratio 250 } | S 
= 


= 
4 


DELAZORO ROSTOKI 


reduced at temperatures above the ‘“‘knee’’ of the 
C curves. In some instances an acceleration factor 
of 20 is produced. 

(c) The 
little effect at 
of the C 


presence of oxygen appears to have 


temperatures below the ‘‘knee’ 


curve. 


f 


FIGURE 1 Comparison of curves of 
transformation in Ti 11% Mo alloys 
contents. 


FIGURI 
formation 


contents. 


in the 


The configuration Ol ipitated 
0.35 and 0.55 per cent oxygen alloys was modified 


unusual manner. Rejected alpha 


in an 


predominantly at the beta-grain boundaries 1 the 


purer alloys. Only in the advanced stag does 


the 


alpha appear in the interior of the grains 


high oxygen alloys, the first signs ol precipit ited 


alpha delineate a sub-grain network 


primary beta-grains. This network is not ap 
in completely beta structures retained by wate 


quenching. Further transformation defines the 


network more markedly. Microstructures in Figures 


illustrate this effect In recent vears, 


1], Cahn 


strated that strained crystals can, after thermal 


3 and 4 


Guinier |3; [5] and others have demon 
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treatment, develop aggregates of sub-crystals with 


orientations varving slightly but randomly about 


the original crystal orientation Such 


pol 


ganized’ structures have been illustrated micro- 


graphically on numerous occasions [t seems to 


have been quite conclusively established that 


sub-grain networks or ‘‘veininge”’ are be taken 


as micrographic evidence of polygonization. There 


would appear to be every reason to expect that 


the beta sub-grain boundaries would be as favor 


able for nucleation of precipitating alpha as the 


primary beta-grain boundaries. One then 


reason that it 


polygonization does occu 1 tl 


i¢ 


cent molybdenum alloy rl 


ll per 

n evidence in » earl stag 
that sub-grain boun¢ 

illoy would lead to the 


irrence ol poly vyonization 


the 


Is intimately related to the presence 


xvygen dissolved inter 


pronounced 


rates It 
opserve 
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The preparation and photo- 


metallographic 


graphy were performed by Mr. C. A. Johnson. 


References 


L., H. D., McCPHERSON, 


191 (1951) S81. 


1. HANSEN, M., KAMEN, E 


D \.I.M.E 


J. Trans 


GIC 


3. GUINIER, A 


. GUINIER, A. 


1953 


VoL. 


2. DeELAzArRO, D. J., HANSEN, M., RILEy, R. E., ROSTOKER, 


194 (1952) 265. 
Progress in Metal Physics 


\.I.M.E 


TENEVIN, J. 


W. Trans. 
and 
2 (1950) 177. 
Imperfections in Nearly Perfect Crystals 
(New York, Wiley, 1952). 


CauHNn, R. W. Progress in Metal Physics 2 (1950) 151. 


ar 


THE ANNEALING OF COPPER AFTER RADIATION DAMAGE 
AT LOW TEMPERATURES* 


R. R. EGGLESTON} 


Resistance measurements at the boiling point of liquid helium have been made o1 copper whicl 
was damaged at temperatures below 150°C by an exposure to 3: v alpha particles and the 
annealed at higher temperatures. The activation energy for th p | 
atures between 65°C and 20°C is 0.717 ev. At temperatures 
activation energy describing the annealing is 2.12 ev. The activation energy 
temperatures is in agreement with the value of 0.672 ev for copper cold-worked 
and the value of 0.68 ev obtained by Overhauser on copper irradiated 
annealed in the same low temperature range 

Cold-work and radiation damage in copper were compared qualitatively by making similar con 
stant time anneals at progressively higher t mperatures On specimens irradiated at temperat 
below — 150°C and specimens cold-worked in liquid helium. Up to about 80°C the rate of anneal- 
ing of the two specimens was similar, but at room temperature about 25 per cent of the radiatio1 
damage remained compared to 50 per cent remaining in the cold-worked specime 


in a similar manner and 


LE RECUIT DU CUIVRE PREALABLEMEN? ENDOMMAGE PAR DES RADIATIONS 
AUX BASSES TEMPERATURES 


rad 
rau 


Des mesures de résistance, au point d’ébullition de l’hélium liquide, ont été effectuées su 
cuivre endommagé a des températures en dessous de 150°C par des partici ilpha de 35Mey 
ensuite recuit a des températures plus élevées. L’énet lit 
températures allant de — 65°C a 20°C est de 0,717 ev. Aux températures variant de 250°C a 325° 
l’énergie d’activation du recuit est de 2,12 ev. L’énergie d’activation obtenue aux basses températures 
est en accord avec les 0.672 ev obtenus pour du cuivre écroui dans l’hélium liquide les 0,68 « 


Qik d’activation du processus de re¢ aux 


obtenus par Overhauser sur du cuivre irradié d'une fagon similaire et recuit dans le mé intervalle 
de basses températures Les dégats provoqués dans le cuivre par l'écro lissage etl ] l’irradiatio 
jualitativement, en effectuant des recuits similaires, de méme dur i des tempe 
ratures de plus en pius élevées, sur des échantillons irradiés 4 des températures inférieures a 150°C 
et sur des échantiilons écrouis dans l’hélium liquide. Jusqu’enviro la vit de 1 lit des 
deux échantillons était similaire, alors qu’a la température ambiante de 26 


pour cent dans le cas des échantillons irradiés et de 50 pour cent dans 


ont été comparés ( 


) 


\USGLUHEN VON KUPFER NACH STRAHLUNGSSCHADIGUNG 
TIEFEN TEMPERATUREN 


Der Widerstand von Kupfer, das der Bestra ng mit 35 MeV Alpha Teilche 
unterhalb von LsorC ausgesetzt und dann au gl iht worden I \ 
fliissigen Heliums gemessen. Die Aktivierun 

65°C und 20°C stattfindenden Vorgang 
und 325°C betragt die dem Ausgliihen zugeschric 
lemperaturen erhaltene Wert der Aktivierung 
mit 0,672 eV fiir in fliissigem Helium kaltbearbeit 
eV, die Overhauser fiir Kupfer, das in ahnlicher We 
bereich ausgegliiht wurde, angegeben hat. Kaltbe 
wurden quantitativ verglichen, indem entspreche 
fortschreitend héheren Temperaturen an Probe 
fliissigem Helium kalt bearbeitet worden war 
Verhaltnis des \ isheilens bei be ide n Probe n 


prozent der Strahlungsschadigu im Vergleich 


: copper irradiated at temperatures bel 
Introduction then subjected to controlled he 
Changes in physical properties take place when ‘These treatments were first 
metals are exposed either to a neutron flux or to. range of temperatures from 
a charged particle bombardment |1, 2]. In the then between 250°C and 300°C. These 
case of a pure metal such as copper, the amount be compared with the annealing 
of damage as observed by resistivity measurements copper which was_ cold-worked 
is dependent on the thermal history of the bom- helium temperature 
barded specimen, both during the bombardment The comparison will be ma 
and prior to observation. activation energies determined vy making the 
It is the purpose of this paper to describe assumption that within each temperature range 
measurements of electrical resistance made on _ considered the annealing process can be described 
-_ by a single, well-defined activation energy. The 
"Received June 6, 1953. determination of the energ\ ot activation tor 
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for material damaged in a variety of ways may 
iid in the identification of the various possible 
lattice defects. 

Che 
made at 
will be referred to hereafter as residual resistance 
Since 


electrical resistance measurements were 


the boiling point of liquid helium, and 


measurements. there is no temperature 
dependence of the extra resistance due to defects at 
measurement IS°K, it 


assumed that Matthiessen’s rule holds for measure- 


temperatures below was 


ments made at 4.2°K. Thus the extra resistance 


measured due to the damage may be assumed 


proportional to the number of defects. Results 
of previous work [3] indicate that there is a slight 
temperature dependence of the resistivity due 
to defects at other temperatures ot measurement. 
By making measurements of residual resistivity, 
the possibility of identifying the annealing mechan- 


isms is improved. 


Experimental Procedure 


residual resistivity by 


Che 


standard 


measurement ol 


potentiometric methods was used to 


detect changes due to thermal treatments in all of 


The 


measurement differed from the thermal treatment 


the following experiments. temperature of 


temperature; therefore in order to know the time 
of anneal accurately the specimen had to be taken 


up to, and lowered from, the thermal treatment 


temperature rapidly. This method of annealing at 


a higher temperature and taking measurements 


more desirable or convenient temperature 


called 


Chere are experimental advantages in using residual 


al 


has been 1 pulse annealing technique [4]. 


resistance measurements, in addition to the theoret- 


ical advantages disc ussed above. These advantages 


ire that the temperature coefficient of resistance 


is small at this temperature, the temperature of 


measurement is reproducible, and the relative 


changes arising from the annealing are larger. 


In the thermal treatments, the _ individual 


specimens were either at a constant temperature 


progressively higher temperatures for a 


The 


called an isothermal anneal and 


or atl 


constant time at each temperature. former 


treatment will be 


the latter a tempering anneal. Constant tempera- 


ire baths ol large heat capacity were used for 


these anneals. 
) 


wire of 3—mil 


H.C 


lor 


Q.} 


Commercial copper 
diameter was these studies; the exact 


but 


used 


purity Was unknown, irom maximum and 


minimum assays of copper plus silver that were 


available it is probably safe to assume that the 
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purity was at least 99.9 per cent. For the tempering 
anneals, a wire about 8.5 cm long was wound on 
a thin mica strip so that its entire length was 
The 


approximately 0.7 cm long, were mounted similarly, 


evenly bombarded. isothermal specimens, 
but without a supporting mica strip. The specimen 
mountings were small enough so that as many as 
four specimens could be bombarded simultaneously 
and still receive nearly identical irradiations. 

The 60-inch cyclotron of the Crocker Radiation 
Laboratory at the University of California in 
Berkeley was used for the alpha—particle irradia- 
tions. The energy of the particles at the target 
was 35 Mev. The range of the particles of this 
energy in copper is approximately 7 mils so that 
there should be no inhomogeneities in the samples 
due to end of range effects in the isothermal 
samples. The specimens were kept at temperatures 
flowing 


below — 150°C during the irradiation by 


the specimen and by 


After 


it was possible to transfer the specimens rapidly, 


refrigerated helium past 


limiting the beam current. the irradiation 


without warming, to liquid nitrogen, in which 


they were stored before annealing. The exposures 


of the isothermal samples, tabulated in Table I, 


PABLE I 


varied slightly from sample to sample. These 


exposures were determined from a beam profile 


distribution obtained by counting strips from a 


monitoring foil placed between the specimen and 


the cyclotron. Betore irradiation the specimens 


temperatures of 
100°C 


annealed in a vacuum at 


tor 


were 


at least 10 minutes and above 


for 105 minutes. 


Results 


An exploratory tempering anneal curve, which 


J 
\ te erat 50° ¢ 
ti 3 20 13 13.3 
rt t 970.9 1455.0 915.0 £33. S82 
te rature 160.7 164.9 173.4 151.9 

00°C, 2 ke 8.2 00.7 95.7 
ed by irradia 0.0782 | 0.077 | 0.0778 | 0.0782 
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is presented in Figure 1, shows that the most rapid information to allow us to make the small relative 
annealing occurs between — 70°C and 0°C. Hence, corrections needed for the normalization, though 
the temperatures chosen for the isothermal anneals_ they are not reliable absolutely. These curves 
were — 65°C, — 50°C, — 35°C and — 20°C. show that at the exposures encountered here, the 
Between — 70°C and 0°C the tempering curve change of residual resistivity with exposure is 
1.71 X and at an exposure 
of l2yuahrs/cm?, the total change « residual 
resistivity is 0.076uQ2cm. In order to get relative 
values of residual resistivity the above slope w 
multiplied by the extra exposure given each 
sample over l2uahrs/cm? and then added to the 
value given above for an exposure ol l2uahrs/cm 
The values ol residu i resistivity due to the detec ts 
introduced by the irradiation are also tabulated 
in Table I; these values are accurate 
but not absolutely he residual resist 
for each specimen were then norn 
multiplying by the rati 
resistivity values tabulated above 
resistance due to the defects afte 


Thus it was possible to correct for sli 
FIGURE | Result of te mpering a 


it temperatures below 150°C to ind exposure differences from specimen t 


cm? with 34.5 Mev alpha particles The normalized annealing curves art 


in | igure ne phenomenologi 
does not exhibit any properties that would indicate 
more than a_ single active annealing process 
After the isothermal data were taken, each of the 
four specimens was allowed to stand at ambient 
room temperature for a period of 12 days. In 
Table I the data of residual resistance in arbitrary 
units has been collected at several times during 
the thermal history together with the exposures 
and annealing temperatures for each of the 
specimens. 
here are several possible ways to reduce or 
normalize the data and thus make direct com 
parisons of the isothermal curves. Since the radia 
tion exposures and lengths of the samples are 
different, this procedure is of necessity complicated 
fhe normalization procedure to be described was 
found to vield activation energies that were quite 
well defined and nearly constant. 
he residual resistance values attributed to the 
defect being annealed were first obtained for each 
specimen by subtracting from the resistances 
measured during the annealing a value obtained 
after a long anneal at room temperature. This energy can e 
value was used since the room temperature anneal When the log 
resulted in a nearly complete disappearance of the — property lue helium poi 
defects under study, leaving relatively undisturbed along severa il curves is plott 
the defects that anneal at higher temperatures. the corresponding recipt | absolute 
Curves of change in resistivity versus exposure of the isothermals the points define 


under similar irradiation conditions give us_ slope determines the activation energ 


nt igor 
) 
displayed 
\ oO 

¢ | 
est rves, 

resist rice 
I erature 

whose 
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results of several equal property 
the 


activation energy is seen to be quite well defined. 


3 the 


igure 


making 


cuts on curves in 2 are given. The 
The average energy is 0.717 ev while the spread 
is from 0.707 ev to 0.742 ev. There is no obvious 


trend in these values which would indicate that 


ination of activation 
the temperature 


this spread is due to other than experimental 
uncertainties. 
Since both the 


among the specimens it is possible 


lengths and the exposure did 


not vary greatly 


to use other logical normalization procedures 


based on the assumption that these slight differ- 


ences did not exist. Isothermal curves compared 


after normalization by these assumptions yielded 


values that differed from the above average value 


by less than 10 per cent. This is not surprising, 
since both the lengths and the exposures did not 


among the specimens; thus the 


vary greatly 


normalization corrections should be small as also 


should be the variation in determined activation 


energies. 
been 


0.672 ev has 


that 


\n activation energy of 


reported previously 5] tor copper had been 
cold-worked by twisting at liquid helium tempera- 
annealed at between 
10°C. 


found for 


tures and 
— 50°C 


temperatures 


This is not too different 


the 


and 


from the value irradiated copper. 


This agreement may indicate that the annealing 
process is similar in the two cases. Overhauser [6] 


has irradiated copper at — 180°C with 12 Mev 


RGICA, 


1953 


VOL. i, 


7 particles 
energy of 0.68 ev 
— 50°C which 


is in agreement with both of the above values. 


deuterons for an exposure of 1.1 X 10 


cm? and found an activation 


for the annealing occurring above 


After the above specimens had annealed at 
room temperature they were then further annealed 
250°C, 275°C 300°C, 


which they were annealed at 500°C for two hours 


isothermally at and after 
to completely remove the defects caused by the 
The 


in Figure 4. In 


irradiation. normalized annealing curves 


are shown this case the normal- 


FiGuRE 4. Normalized isothermal annealing curves for 
temperatures of anneal between 250°C and 300°C. In order 
to obtain an approximate value of residual resistivity change 
in micro ohm cm due to the irradiation, multiply the arbitrary 
scale by 0.018. Residual resistivity may then be obtained 
by adding this value to the annealed residual resistivity 
which is approximately 0.015 wOcm. 


ization was made by assuming that all three of the 
specimens had identical residual resistivities after 
500°C The 
normalized to residual resistance of 
300°C. The 


of activation energies was made in the same way 


were 


the 


anneal. other spec imens 


the 


the 


specimen annealed at determination 


as for the earlier annealing data. The results of 
making several equal property cuts on the normal- 
isothermal curves in Figure 4 are shown in 
The seen to be 
well defined, the average value being 2.12 
2.18 ev. 


ized 


Figure 5. activation energy is 
fairly 
ev while the spread is from 2.09 ev to 
The data for this annealing range were not taken 
over as wide a temperature range as the data at 
thus the values of activation 


The 


agreement 


lower temperatures; 


are less reliable. activation energy 


the 


energy 


of 2.12 ev is in with values of 


self-diffusion activation given as 
Seitz |7] and 
Mott {8}. 


In Figure 6, tempering curves for irradiated and 


copper energy, 


2.1 ev by a slightly lower value of 


2.02 ev by 


for cold-worked copper are compared on a per- 
centage basis, allowing several qualitative features 
of the annealing to be noted. The final resistivities 
of the damaged specimens were 21.01 and 15.3 X 
10-'Qcm respectively. Initially these specimens had 
resistivities of 1.56 and 1.37 K 10~*Qcm respectively. 
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FIGURE 3. Phenomenological determ 
enere\ for the ealing process active 
range betwee 65°C and 20°C 
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Phenomenological determination of activatior 
the temperat 


FIGURE 5. 
energy tor the annealing 
range between 250°C and 300°C. 


process active in re 


had 
150°C 


particles, 


The irradiated specimen been exposed at 
17.2uahr/cm 
the cold- 


im- 


temperatures below to 


Mev 


specimen 


alpha and 
had 


mersed in liquid helium, after which the speci- 


of 34.5 


worked been twisted while 
mens were similarly tempered from temperatures 
near their damage temperature to 100°C. | 

— 80°C of 
equal of 


per cent of the damage still remains 


about the rate annealing is 


for the two types damage; about 75 


Krom this 


temperature to near room temperatures however, 


greater extent 
that at 


the irradiated material anneals to a 
room 


than the cold-worked copper so 


temperature there is only approximately 25 pet 


cent of the radiation damage still present compare d 


lempering annealing curves for irradiated and 


FIGURE 6. 
| he irradiated 


for cold-worked copper on a percentage basis 
specimen received an exposure of 17.2 wahrs/cm? with 34.5 
Mev alpha particles at temperatures below 150°C. The 
cold-worked specimen had been cold-worked by twisting 
while immersed in liquid helium 


\F 
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R 


to about 50 per cent for the cold—worked material 
As 100° 


damage that 


the temperature is raised above the 


due to 
that 


finally anneals completely, 


the cold-work annealing more rapidly than 

energies obtained for the temperature rang 
70°C to 0° 


copper is indicative of motion or annihilation of 


due to irradiation. the agreement in activation 
e trom 
for cold-worked and for irradiated 
the same defect then the above qualitative features 
show that this defect is produc ed in quite different 
concentrations in the two methods of damage 


Che be 


cribed empiri ally by us equ ition. 


isothermal annealing curves may des- 


ng a kinetic rate 


here 


—po is the resistivi change undergoing 


p 
annealing, 
tis the time, 


ais the order of the reaction and 


stricted to integer values, 
Eis the activation energy, 
K is the Boltzmann constant 
and 7 is the absolute temperature 
ol 


third order reaction is needed 


\ 
isothermal ind 


250 


data between 


For the isothermal annea between 


200°C a 


order ( S needed 


fourth 


the data 
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THE KINETICS OF PRECIPITATION OF BARIUM SULFATE 
FROM AQUEOUS SOLUTION* 


D. TURNBULLT 


lhe rate of precipitation of barium sulfate has been investigated using the conductimetric technique. 
direct mixing experiments all but a negligible number of precipitation nuclei form during the 
ing process, probably in small local volume elements where the supersaturation is larger than 
is after complete homogenization. In the earliest stages of precipitation the rate of linear growth 
im sulfate crystals is independent of their size and apparently limited by a process occurring 
crystal-solution interface. After the crystals reach a certain size their growth rate becomes 
limited by diffusion. It is shown that the assumption of Christiansen and Nielsen [2], that the recipro- 
the time ot appearance ol turbidity is dire¢ tly proportional to the homoge neous nu¢ leation 
frequency, is probably not valid. 


cal ol 


LA CINETIQUE DE PRECIPITATION DU SULFATE DE BARYUM DE SOLUTION 
\QUEUSE 


le précipitation du sulfate de baryum a été étudiée en employant la technique conducti 


La vitesse 
de 

nde qu’aprés lhomogénéisation compléte. Pendant les premiers stades 

‘roissance linéaire des cristaux de sulfate de baryum est indépendante 

le est apparemment limitée par un processus se passant a I interface 

Qual d les cristaux atte ignent une certaine dime nsion, la vitesse de croissance devient 

diffusion. I] est montré que la supposition de Christiansen et Nielsen [2], que l’inverse 

‘apparition du trouble est directement proportionnel a la fréquence de germination 


probal 


DIE KINETIK DER FALLUNG VON BARIUMSULFAT AUS WASSRIGER LOSUNG 


esgeschwindigkeit von Bariumsulfat wurde mit Hilfe von Leitfahigkeitsmessu 
det dir kt n Miscl ll \ uci nh tel sich ille mit \usnahm«e eines Z vel 
| ils) Niederschlagskeime wahrend des Mischungsvorganges; wa 
I li | i lann grésser ist als nach erf 
ineare Wachstumsgeschwindigkeit der 


nend durch einen an der Grenzfliche 


Kristalle eine gewisse Groésse erreicht 


renzt Es wird VeZE igt. dass 
kwert der Zeit des ersten Auft 
I proportional ist, wahrscl 


; and ionic strength, the frequency, J, of homo- 
Introduction geneous nucleation of barium sulfate crystals per 
LaMer and Dinegar |1] and Christian- volume is some function of S, J = f(S 

Nielsen [2] have investigated the kinetics In most of the investigations of the precipita- 
of precipitation of barium sulfate from aqueous tion of barium sulfate an initial supersaturation 
solutions. These and earlier investigations bearing has been produced by direct mixing of two solu- 


on the problem have been reviewed briefly by tions, one containing sulfate and the other barium 


LaMer [3]. ions. In this process there are likely to be produced 


activity coefficient of small volume elements in which S > S,. These 


be the concentra- regions of “local excess’ will persist for only very 

of barium and sulfate ions respectively in short periods, but, if d//dS is large,’a significant 

moles cc. The supersaturation ratio S is defined’ fraction of the precipitation nuclei may form in 

I the equation them. LaMer and Dinegar used the direct mixing 

technique in one group of experiments, but in a 

mym K 

. second group they avoided local excesses by the 

vhere K (K 1.2 X 10-'*moles?—cm~* at 25°C ingenious technique of generating the sulfate 

the thermodynamic solubility product. Let the homogeneously in the presence of a barium salt 
nitial supersaturation at time (f zero be S». solution by a chemical reaction. 

lsothermally, S decays to unity following some Christiansen-Nielsen and LaMer-Dinegar did 

relationship S t). At constant temperature not measure S f(t) but observed that after a 

time period 7, measured from the instant of mixing, 

10, 1953; turbidity became apparent. LaMer and Dinegar 


neral Electric Resear¢ 


Dnata Maer Voss. 15k found that, where S was built up by a chemical 
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= 
K le \ 
Kristall-Lésung stattfindenden Vorgang begrenzt. Wenn dic 
ibe : re Wachstumsgeschwindigkeit durch die Diffusi 
lie Annahme von Christiansen und Nielsen [2], dass der Rezipro 95 
der Triib ¢ der homogenen Keimbild gsgeschwindigkeit dit 
( vestel 


PRECIPI] 


reaction, turbidity became apparent at a_ fairly 
value S = So 22 that 
independent of the time Af (ranging from 25 to 120 


minutes) of build-up of sulfate ion to the critical 


well defined was nearly 


value (the rate of formation of sulfate was approxi- 
mately constant). 
Nielsen 


described 


found that their 
t-values could be by the equation 
r = that « 1/(J/ 


hence, J = kS,’. To explain these results, Christian- 


Christiansen and 


They assumed 


sen and Nielsen postulated that the rate deter- 
mining step in the formation of a BaSOy, nucleus 


is the reaction: 


Ba;=(SO4)4 
or 
+(SO4)3 


Bast SO, 


The basis for this postulate is that the concentra- 
the 
to S’ (or m’ where m is the molarity of BaSO,) if 


tion of 7-ion cluster should be proportional 
a quasi-equilibrium state is assumed. LaMer [3] 
found that the r-values of 
LaMer-Dinegar 
ments) combined were best described by 
T /So°. the 


basic interpretation, although it is inconsistent* 


Christiansen- Nielsen 
and from direct mixing experi- 
a relation 
Accepting Christiansen- Nielsen 


with LaMer and Dinegar’s results from experi- 


) 


ments where S is built up chemically, LaMer [3 


proposed that the rate determining step is the 
addition of an ion to a 6-ion cluster. 

This 
Nielsen 


upon S and is at marked variance with the ‘‘classical 


“constant number’”’ theory of Christiansen- 


denies any dependence of nucleus size 


theory” for nucleation of precipitates in condensed 
systems as developed, for example, by Becker |4], 
and Turnbull and Fisher [5]. According to this 
classical theory, the dependence of J on S is given 
by [5]: 

2) I = Ky exp [— ao*v? /k*7*(In 


where 


(3) Ky = nv exp [—AG, kT); 


is a geometrical factor, 


= interfacial energy per area _ between 


nucleus and solution, 
volume per ‘‘molecule’’ of BaSO, crystal, 


number of Ba++ + SO,=ions per volume, 


jump frequency, 


AG, free energy of activation for growth of 


cry stals. 
recognizes this 


*LaMer (private communication 


inconsistency. 


now 
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The 


nucleus 


classical theory generally predicts that the 


size should decrease with increasing .S 


and a much more marked dependence of J on S 


than is predicted by the Christiansen-N ielsen 


theory. 


The Christiansen-Nielsen assumption of 7 


I) is questionable. Turbidity will become 


perceptible only aitet! considerable erowth ol 


particles and 7+ will be dependent on 7, the rate 


of crystal growth, and the resolving power of the 


apparatus. There is also the possibility that 


most of the nuclei in the direct mixing experiments 


formed in the mixing due to the local 


pro ess 


excesses rather than after the solution had become 
homogeneous. Strong evidence for this mechanism 
of formation of nuclei in direct mixing experiments 
is provided by the results of LaMer and Dinegar 
where the supersaturation is chemically produced 
For example, these investigators observed tul bidity 
after five minutes corresponding to S 16.0 in 


direct mixing experiment, but in the chemical 


build-up experiments S increased from 16 to 21 
in periods as large as 25 minutes before turbidity 
became apparent 

Because ol these questions on the interpret ition 
of r, measurements of S for various values of 
S) using different direct mixing techniques were 


their signifi ince. 


undertaken papel! will describe the results 


and point out 


Experimental 


cond ictimetryu 
cells 


platinized 


S f(t) was measured by a 


lhe 


with 


technique.f conductivits were ol he 


usual design lightly platinum 
In some experiments a Brown Imped 
Bridge (Model 200B) was 
conductivity, but 


Shedlovsky 8S] bi 


electrodes. 


ance used to m« 


asure 


where more precision was 


he 
inces Was 


0.005 


idge Was used 


required a 


reproducibility of the measured 
t per cent with the Brown bridge and 


resist 


per cent with the Shedlovsky bridge 


Barium sulfate was formed accordin 


or the other of the following reactions 
» 2HO 


»>2KNO 


Ba(OH 
Ba(NO 


H.SO, 


kKSO BaSO, 


supersaturated solution produced by 


direct mixing of the appropriate standard solutions 


author has bee infor! 
that R. A. Joh 
and F. C. Collins [7] of Brookly 
undertaken meas 


irements irom 
precipitation of BaSO, 


TThe 


ison 


on the 


technique 


Batt 
t or Ba. 
Polvtecl c | have 
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by one or the other of the following procedures: 
the 
saturated barium sulfate immediately after homo- 


a) Suppose that concentration of super- 


genization is to be mp». A measured volume, 2, of 
standard barium ion solution of concentration 2719 


is poured into a volume, 2, of sulfate ion solution 


2m 


of concentration which is stirred by a motor 
driven glass propeller. 

(b)g, A volume v/200 of barium ion solution of 
concentration 200m», contained in a calibrated 


ce 


rapidly 


Becton-Dickinson tuberculin syringe, is 


injected into a volume, v, of sulfate ion 


solution of concentration mp» which is simultan- 
eously stirred as in method (a). 

b)so, Same as (b)g, excepting that concen- 
rated sulfate solution is rapidly injected intoa more 
dilute barium ion solution. 

After mixing, a part of the resulting solution is 
added to the conductivity cell and the resistance 
measured as a function of time. Excepting where 
otherwise noted, the solutions to be mixed and the 
conductivity cell thermostated at 25.00 4 
0.02°. 

After 
and all 


saturated 


were 


cell 


super- 


experiment the conductivity 


that 


Cal h 


other vessels had contained 


barium sulfate solutions were cleaned 


with hot cleaning solution, which dissolves solid 
barium sulfate. No effect of the freshly platinized 
electrodes upon the course of the precipitation 
was noted excepting in a few instances where the 
than 10. 


However, after about four experiments the elec- 


initial supersaturation, So, was less 


trodes of a particular cell definitely catalyzed 
precipitation for Sy) > 10 even after the cleaning 
This effect 


destroyed by replatinizing the electrodes. 


treatment. catalytic was virtually 


he fraction, X, of barium sulfate precipitated 
in time, ¢, is defined by: 
6 ‘ 

mM, 
where m is the concentration of BaSO, at time f; 
t= 0; 


reaction (4), m 


m My at and m=™M, = o, For 


expressed in moles/cc) was 


evaluated from the following relationships: 


(L — Lu,o 
A 


Am — ar/ m, 


where L is the specific conductivity of the solution; 


Ly.o the specific conductivity of the water used; 
and A,,° the molar conductivity at infinite dilution 
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calculated from the ionic equivalent conductivities 
at infinite dilution tabulated by MaclInnes [9]. 
The constant a in equation (8) was calculated on 
the assumption that the coefficient dlnA/dm is 
identical for CaSO, and BaSO, solutions. dlnA/dm 
CaSO, data 
given in I.C.T. [10]. Equation (8) does not describe 
the 


for the very dilute solutions used in our experi- 


for solutions was calculated from 


precisely variation of A,, with m. However, 


the variation of A,, with m is a second- 


effect 


ments, 


order which, if ignored, would cause an 
error in X of 2 per cent at most. 

When reaction (5) was used to produce a super- 
saturated solution, the precision of the measure- 
ments was reduced somewhat because the other 
product of the reaction, K NOs, is a good conductor. 
For BaSO,, m was calculated from the following 


relations: 


(12 As 

where all the primes refer to KNO;. The molar 
A,,"*, KNO, 
table of ionic 


constant a’ 


conductivity at infinite dilution, for 
MacInnes’ 
The 
calculated from data given in I[.C.T. 
the total 
definition 


was calculated from 


equivalent conductances. was 
[10]. is 
MacInnes [9] 
and yu’ is the contribution to the ionic 
strength due to KNQOs; only. This correction for 


BaSO, in the 


ionic strength (see for 


the conductivity of presence of 


another electrolyte is approximate. However, if 


the 
be only 


that A,,/A,.’ = 
error in X 
the 


would 


it were assumed 


maximum absolute 


about ten per cent and maximum relative 


error about one per cent. 
Mean 


sulfate were evaluated from the relation between 


ionic activity coefficients for barium 


y and uw assumed by LaMer and Dinegar. 


Results and Interpretation 


Relation of X tot 

Controlling the initial supersaturation, So, after 
homogenization, the method of mixing and the 
temperature, we obtain experimentally X as 
a function of time, X = F(t). It 


that the X = F(t) relations for various values of 


was discovered 


(9 m = 
A, 
(10 L’ = 
(11 An = Am’ — ah/ m if 
V 
— = 
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S, in the range 12 to 20 and for a variety of methods 
of mixing could all be superposed for 0 < X < 0.40 
by multiplying the ordinary time unit for each 
F(t) relation by a suitable relative factor, 
“scale factor’). Figure 1 shows X = F(t) with 


FIGURE 3 Fraction of BaSO, prec ipitated with time I 
three different values of Sp. Reaction (4), mixing method 
b) pa, temp. 27.0 + 0.3°, Brown bridg: 


215 mo +m,o ——m, uncertainty. Figure 4 shows the superposition of 
the curves of Figure 3 obtained by applying the 


indicated scale factors where the plotted points 


represent readings from the smoothed curves of 


TIME (MIN.) 0.40r 


FiGurRE 1. Fraction of BaSO, precipitated with time 
for two methods of mixing [(a) and (b) gq]. Reaction (4 
So = 16.0, temp. 25.00 + 0.02°, Brown bridge 


So constant (temperature = 25.00 + 0.02°) for 


two methods of mixing. Figure 2 shows the super- 


position of these two curves effected by multiply- 


0215 mo Ff=1.0 


f=50 


IGURE 4 Superpositior ot 


bv choice of suitable scale 
Figure 3 plus an additional section for S§ 
not shown in Figure 3. The composite curves 


— Figures 2 and 4 are also superposable with devia- 
30 


TIME tions no greater than the experimental errors. 


FIGURE 2. Superposition of curves shown in Fig. 1 effected Therefore, the course of the oe ipitation for all 

by choice of suitable scale factors, f. cases investigated can be described by the reneral 
relation: 

ing ¢ by the indicated factors (the plotted points 
are readings from the smoothed curves of Figure | Ls A 

Figure 3 shows X = F(t) for the values of Sp where f is a function of S», the method of mixing 
using what proved to be the most reproducible and the specific solutions used. It was also estab- 
method of mixing, (b),,. In these particular lished that the dependence of X on ft for the 
experiments the temperature was not closely earlier stages of precipitation is the same whether 
controlled (27.0 + 0.3°) but it was established the supersaturation is produced by reaction (4 


that for a constant my the X = F(t) relations for or (5 


27° and 25.00° agreed to within the experimental As we see from Figure 1, f appears to be markedly 
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dependent upon the method of mixing of reagents, 


being a factor of 5 greater for method (a) than 


for method (b Table I summarizes the relative 
mixing 


16.0 and 


scale factors obtained with a variety ol 


solutions for S») = 
25.00 0.02 


methods and reagent 


15.2 and temperature = 


TABLE 


RELATIVE SCALE I 
METHODS 


lemperature 


VARIETY OF MIXING 
S LI 


0.02 


ACTORS FOR A 


REAGENT 
= 25.00 


\ND 


TIONS 


Relative Scale 


Reage factor 


Ba(OH): 
Ba(OH). + 
Ba(OH 
Ba(OH). 4+ 
Ba( NO 
Ba( NO 
Ja(NO 
Ba(OH).* +4 


H.SO, 
H.SO, 
H.SO, 
H.SO, 
K.SO, 


H.SO. 
‘rent Ba(OH 


For a given S», temperature and Ba(OQH 


solution, was reproducible to within 


cent for mixing method (b),, but only 


for mixing method 
the 


per cent 


It is surprising that slowest rate of pre- 


cipitation (smallest relative value of f) was obtained 


with method b that might be expected to 


produce the highest local excesses in supersatura- 
the 


tion. However, since value for method 


b 
appears that 


is about 3 times larger than for (b Ba» it 


the effect may be associated with 


the use of a very small volume of a particular 


solution rather than with the mixing method. 


With 


upon 


method (a was not greatly 


salt 


dependent 


whether the barium was added to the 


sulfate or vice versa. 


Interpretation of X = F(ft) Relation 


Since the functional relation of X to ft is constant, 
though varies greatly for a wide range of S, 


values, method of mixing and different reagent 


solutions, we conclude that our experiments are 
best described if it is assumed that: after homo- 
genization the number of precipitation nuclei that 
form is negligible in comparison with the number 
produced in the homogenization process. According to 
our picture, a number of precipitation nuclei, ;, 
per volume are formed during homogenization. 
The dependence of X on ft is determined by the 
growth of these n, 


rate of particles. The nuclei 


RGICA, 


VOL 


1953 


probably form in regions of local excess produced 


during homogenization either by (i) homogeneous 


nucleation or, more likely, in view of variability 


of the results with the specific solution, by (ii 


heterogeneous nucleation on suspended foreign 


particles contained in the elements of local excess. 
In any event, the results imply a 


very great 


dependence of J on S. Probably is primarily a 
function of ;. 


xX = 


However, analysis of 


The over-all shape of the curve is 
not simple (see Figure | 
the curves indicated that X becomes proportional 
} 


values of X 
implies that for X — 0: 


to for >0. This result possibly 


(14 X = 


— exp [— dt"] 


with 2 = 3. 
valid, 


(14) is log In [1/(1 — X)] 


plotted against log ¢ should give 


If equation 
a straight line 
ol slope n. The tests for this straight line relation 
are shown in Figures 5, 6, 7 and 8. (The Shedlovsky 
bridge was used to obtain the points shown in 
and 8. With this bridge X was measur- 
0.001. 


a straight 


Figures 6, 7, 


ed accurately to values as small as X = 


Within the experimental uncertainty, 


line relation with = 3.0 + 0.1 obtain 


in all cases for X < 0.04 approx. The relative scale 


LOG 


FIGURE 5. 
mixing 


lest of equation (14): S 16.0, reaction (4), 
method (b) ga, temp. 25.00 + 0.02°, Brown bridge 


LOG Ln [I/(I1-x)] 


FIGURE 6. 
mixing 
bridge. 


reaction (5), 
Shedlovsky 


Test of equation (14): Sp = 15.1, 
method (a), temp. = 25.00 + 0.02°, 


— 
Method of 
( 
br 16.0 1.0 
16.0 5.0 
i 16.0 3.9 
ben 16.0 2 9 
15.1 3.0 
bp; 15.2 1.3 
bso, 15.2 3.4 
br 16.0 1.6 
diffe solution. 
-2.§ 
005 
\ 0.07 
“1.0 
0.5 
— 
70.0025 
-2 5- 
0.005 
-1.5- * 10.03 
A, 
40.05 
LOG t 
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0.0010 


reaction (5), 
Shedlov sky 


14): So = 15.2, 


Test of equation 
25.00 + 0.02°, 


temp 


FIGURE 7. 
mixing method (a), 
bridge. 


OG 
LUGS 


reaction (4 


lest of equation (14): So = 16.0, 
Shedlovsk\ 


FIGURE 8. : 
temp. = 25.00 + 0.02°, 


mixing method (b) ga, 
bridge. 
results differed 


corresponding to these 


by factors as large as 23 

Wert and Zener [11] have discussed the growth 
of spherical precipitates from supersaturated solid 
solutions. Assuming that all the 
nuclei are present at ¢ =0 and that the growth is 
small X) an 


factors 


precipitation 


diffusion-limited, they obtain (for 
equation of the same form as (14) with a 
To explain the fact that our results for small X 


we assume that the 


= 3/2. 


are best described with ” = 3, 


growth of very small barium sulfate particles 


is limited not by diffusion but by a process occurring 
at the crystal-solution interface. 

As the precipitate crystal grows larger the flux 
of ions to its surface by diffusional processes 
decreases. Therefore, when the crystal reaches a 


certain size its further growth may become limited 


by the rate of diffusion of ions to the crystal- 


the interface 


the 


interface rather than by 
process. Collins [12] 


for the growth of small precipitate particles as a 


solution 


has developed theory 
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is somewhat 


‘| he 


analogous to the theory for the thic kening of thin 


function of their radius, r. theory 


2 


oxide films developed by Fischbeck [13] and 


Grunewald and Wagner [14 

We 
lines suggested by the treatments of Fischbeck [13] 
and Wert and Zener 
that 


shall give a simple derivation along the 
i relation 


‘| he 


area-time of substance precipitating 


11] which leads to 


r = f(t) similar to obtained by Collins. 


flux, J, 


on the particle may be written 


per 


(15 J K (dr /dt 


From Fick's first law 


(16 D(dm,./dx 


where D is the diffusion coefficient and m 


the amount of BaSO, per volume at 
Since the solution 


a distance 


from the center of the crystal 


make the approximation (see 


is very dilute, we 


Wert and Zener [11] for 


comment 


mM 
Oom,/ Ox 


where m is the concentration of BaSO, 


and m, is the actual concentration (m 


the crystal solution interface 


J also must satisfy the relation 


IS m m,)G. 


where G is an interface transfer coefficient inde 


pendent ol m 


ind issumin 


Eliminating m, from (17) and 


>m,., we have 
| 19 K ad? dl 


which on integration gives 


2D+7r/G mk 


> 0, equation (20) becomes 


and the growth is interface-controlled. When » 


is very large, (20) becomes 


2 2 = (QmKDt 


and the growth is diffusion-controlled. We con- 
clude that the relative magnitudes of D and G are 


such that for our experiments the growth of the 


-2.5 | 0.0025 
m™ 
0.005 
n=3.0 
0.01 
LJ 
c 
} 0.03 
+ 0.05 
| — 
0.5 1.5 
0.0025 
“25 
\ 0.005 
n= 
= -20 0.01 Xx 
c civing 
“1.5 0.03 
tt 
1) at 
« 
mDG 
G? T D 
20 
For — 
(21 ) / 
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BaSO, crystals is interface-controlled for X <__ lists 8n; corresponding to different initial super- 
0.04 approx. saturations. Also shown in the table are LaMer 
When growth is interface-controlled, m, = m and Dinegar’s 1/r values for the corresponding 


and, assuming that the crystals are spherical 
TABLE II 


not a crucial assumption), it follows that 
AND 6n; FOR DIFFERENT So VALUES (temperature 27.0 4 


23 1m /dt 1—m,)G 0.3°): COMPARISON WITH RESULTS OF LAMER AND DINEGAR 


1/7) (min 
24 nN V) according to Our X at? = 
LaMer and LaMer 
where |’ is the molar volume of barium sulfate, . f Dinegar [1 Dinegar 


hence 3. 0.077 0.0006 
0.20 0.0007, 
0.62 0.0011 


dm dt lon 


m m.) dX /dt it. initial supersaturations corrected for the 2 
lheretore temperature differential (temperature = 25.00 4 
0.02° in LaMer-Dinegar experiments). In column 
t we list the fraction of barium sulfate precipitated 
calculated by extrapolation of the relation 
X = bi in our experiments at ¢ = LaMer- 

For X very small, (25 » Dinegar’s 7. 
1+), where i 3 and bh = a/s. It is possible, as suggested by Christiansen and 
For X S 0.04 approx., the rate of precipitation Nielsen, that turbidity is perceptible at some 
becomes less than is predicted by equation (14). constant X independently of the other variables. 
Qualitativels we expect from equation 20) that If so, there should be a correspondence between 
is r increases the growth of the crystals will the relative magnitudes or our scale factors and 
become diffusion limited and dX /dt will, in agree- the 1/r values. That there is some correspondence 
ment with observation, become less than predicted is shown by the fact that f changes by a factor 
by equation (25). For X > 0.5, dX dt appears of 11 and 1/7 by a factor of 8 between the extremal 
much smaller than would be expected if SS» values and the rough constancy of fr (column 5). 
the rate were controlled only by diffusion. This If LaMer and Dinegar’s and our results are 
effect may be due to the snowing of crystals out consistent on the time scale (which is doubtful 
of solution by gravity segregation. In agreement in view of our findings), their perception of turbid- 
with this idea, dX dt becomes somewhat dependent ity corresponds to X = 0.0006 to 0.001 (see 

on cell geometry for X > oe column 4 

On the basis of our results we conclude that 
— Christiansen and Nielsen’s assumption that 1/r 
factors obtained for different is proportional to the frequency ol homogeneous 
the most reproducible method of mixing, nucleation in a homogenized solution is not valid. 
are shown in Table II (corresponding In fact, the number of nuclei, ”;, produced in the 
relations are plotted in Figures 3 and 4). mixing process varies much more with S) than 
follows from (14) that for a given value of X, does 1/7. Between the extremal values of So, 2 
1X ‘dt dX /dt)> = f;/f2 where subscripts 1 and changed by a factor of 570 compared to a factor of 
2 each denote a particular X = F(t) relation. ~ 10 variation in 1/7 (compare columns 3 and 
Hence, from equation (25) we have: }, Table II). The interpretation of the dependence 
of + upon Sp» in direct mixing experiments must, 


2, a) Tae. therefore, be much more complex than assumed 


. by Christiansen-Nielsen and LaMer. 
Thus. using AS) lative value: ol be Eff ec t of Heterogeneities 
calculated from the scale factors. We define B : say 
; We have noted that the platinized electrodes 
such that — 

definitely promoted precipitation after several 
B(n;)s,—12.2.= l, . 
i) uses even after treatment with hot cleaning 


where 8, but not 7,;, is independent of So. Table II solution. No catalytic effect was observed with 


IT Bn 
1.0 
5.0 12.5 
6.6 570 
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freshly platinized electrodes excepting where [he assumption of Christiansen and Nielsen 
So <9 when mixing method (a) was used. We that the reciprocal of the time (7) of app 

infer from this latter observation that the elec- turbidity is directly proportional to the frequency 
trodes promoted nucleation at the higher values of homogeneous nucleation of barium. sulfate 
of S) but the effect was not noticed because the crystals probably is not valid Phe actual 
nuclei formed in the body of the solution pumped dependence of nucleation frequency on super 
down the supersaturation much more rapidly saturation is much greater than is | 
than did the electrodes. It was noted that the the Christiansen-Nielsen theor, 

glass walls of the containing vessels promoted However, direct mixing experiments cat 
precipitation but again this effect was not relatively valuable information on the kinetics of 

important for So > 12. We have pointed out that crystals since all nuclei start to grow 

two possible mechanisms of formation of nuclei time and a negligible number form 

in the regions of local excess produced by direct course of the experiment 

mixing are (1) homogeneous nucleation, and/or In the earliest stages of precipitat 

y - nucleation on the surfaces of heterogeneities he diameter of barium sulfate cry 

contained in these regions and activated by the ic a rare independent ot time or ci 

high local supersaturation. Because the rate [herefore, in this stage of precipitatior 
precipitation was, unexpectedly, a_ factor i of growth is limited by the transfer of 
slower for mixing method (b),, than for (a), ‘ crystal-solution interface and not b 
and because ol the dependence ol rate upon ions to the Interiac¢ 


the reagent solution, we conclude that most « \s the crvstals become large and preci 


the nuclei were formed in our experiments by the progresses (XY > 0.04), the rate of crvst 
heterogeneous nucleation mechanism (possibly becomes slower and diffusion limited. Fin 
excepting the experiments in which mixing method rate of precipitation is further retarded 


(b)g,. Was used). Schmid and Jetter [15] have snowing of crystals out of solution due to 
demonstrated in more detail the importance of ‘oregation 
the heterogeneous nucleation mechanism in the 


normal precipitation of barium sulfate. Acknowledgment 
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CLEAVAGE DEFORMATION IN ZINC AND SODIUM CHLORIDE* 


L. PRATT 


Flat surfaces prepared by the cleavage of single crystals show deformation markings associated 
with the propagation of the cleavage crack. The amount of deformation can be minimised by cleaving 
thin sections away from the desired specimens, and the technique is useful for cubic materials which 
cleave on (001). In the case of zinc, intersecting twins are found on the extended side of thin cleavage 
flakes, together with fine and coarse kinks on the compressed side. Two distinct types of twin inter 
section were observed in regions of high stress, and their formation, at first sight improbable, is 
shown to be « rystallographi ally possible. 


LA DEFORMATION PAR CLIVAGE DANS LE ZINC ET DANS LE CHLORURE DE 


SODIUM 


Des marques de déformation, associées a la propagation des fissures de clivage, apparaissent sut 
des surfaces planes, préparées par le clivage de monocristaux. La quantité de déformation peut 
étre réduite en enlevant de minces sections de l’échantillon par clivage; cette technique est utile 
dans le cas des matériaux cubiques, dont le plan de clivage est (001). Dans le cas du zinc, on trouve 
des macles qui s’entrecoupent, du c6té soumis a l’extension, et de gros et fins plis du c6té soumis a 


la compression 
de forte te 
a premiére vue improbable. 


nsion; 


paraiss¢ 


DIE SPALTVERFORMUNG 


Die flachen Flachen, 
die mit der Fortpflanzun 
kann dadurch vermindert werden 
wegbricht, u Technik bewahrt 
spalten 
schnitten 
verschiedene 


dass man 


nd diese 


gefunden, wahrend auf der 
\rten der 
beobachtet; es wird gezeigt, dass ihre Bildung, 


kristallographisch méglich ist 


Introduction 
Cleavage is often the simplest way of preparing 
flat 


certain of their deformation properties. It is the 


surfaces on single crystals, for studying 
purpose of this paper to consider the value of this 
technique, and to interpret some of the markings 
found on cleaved faces before further deformation. 

\ highly reflecting surface is easily obtained by 
cleaving zinc with a chisel at liquid-air tempera- 
ture, or sodium chloride with a razor blade at room 
but 


lat and undeformed. In nearly all cases the surface 


temperature, the resulting surface is rarely 


is covered with a system of high and low cleavage 


radiating from the point of impact, together 

h markings due to plastic deformation, occur- 
ring alter cleavage. The best surfaces are obtained 
by cleaving a relatively thin section away from the 
desired specimen. In this way most of the deforma- 


absorbed in the thin flake which curves 


tion is 


away from the specimen. 
Experimental Techniques 


Single crystals of sodium chloride were grown 


from the melt by passing a platinum crucible 
*Received June 11, 1953 
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Now at Department of Metallurgy, University of Birmingham, 
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Deux types distincts d’intersections des macles, 
il est montré que leur formation est cristallographiquement possible, quoiqu’elle 


VON ZINK | 


die man bei der Spaltung von Einkristallen erhalt, zeigen Verformungsspuren 
g von Bruchspriingen in Beziehung stehen. Das Ausmass der Verformung 
diinne Schnitte von 
sich auch bei kubischen 
Im Zink wurden sich iiberschneidende Zwilling 
Druckseite feine 
Uberschneidung der Zwillinge wurden im Gebiete grosser Spannungen 
die auf den 


furent observés dans les régions 


ND NATRIUMCHLORID 


den zu bearbeitenden Proben 
Metallen, die in der (001) Ebene 
e auf der Dehnungsseite von diinnen Spalt 
und grébere Knicke zu sehen waren. Zwei 


ersten Blick unwahrscheinlich erscheint, 


material through a 


Analar 


furnace in which a steep temperature gradient was 


containing quality 


maintained. The crystals were melted out of the 
had 


then 


inverted crucible before they cooled much 


below the melting-point, and annealed at 
600°C for twelve hours. The zinc crystals were of 

per cent purity, and were grown from the 
melt in the gradient furnace previously described 


The cleavage surfaces were examined optically 


with an opaque stop microscope [2], and with a 


reflection electron microscope [3]. 


Experimental Results 


1. Sodium chloride 
the (100) cube 


plane, and this technique may be used to obtain 


Sodium chloride cleaves on 
specimens of any desired size with flat and parallel 
sides and ends. The cleavage surface of a typical 
single crystal is shown in Figure 1 with cleavage 
steps radiating from the top left-hand corner. This 
surface reveals the mosaic character of the crystal 
since each element of the mosaic cleaves along its 
own (100), and the mosaic angle in this case is 
about 10 minutes of arc. A few horizontal black and 
white lines can be seen due to slip, induced by the 
cleavage, on the (110) slip planes at 45° to this 
surface. The internal stresses due to the slip, 


: 


PI ATE | higures reduced to three quarter 
surface of sodium chloride. 25. Figure 4—Tw 
surface. 145. Figure 5 [win intersectior me } 
[win intersections of (1012)—(0112), and (1012)—(0112 
intersections. 265. Figure 8 1012)—(1012 
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SEO RAR SN 
O7 
4 a - 
953 
7 8 
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and mosaic walls on 
cleavage surface. 25X 


gures reduced to three-quarters in reproduction.) Figure 9—Fine kinks 
zinc surface. 25X. Figure 10—Coarse kinks on compressed zinc 
Figure 11—Kinks at high cleavage step. 150. 
Coarse kink. Reflection electron microscope. 7 X1,150, > 5,300 
Reflection electron microscope 1,150, — * 5,300 


Figure 13— 
Figure 14—Fine kinks. 
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visible as stress-birefringence with transmitted 
polarized light, may be removed by annealing the 
crystal at 600°C for twelve hours; recovery within 
the crystal is then complete. 

The surface shown in Figure | is by no means the 
best which can be obtained; with care and patience, 
specimens can be prepared showing no trace of 


slip either internally or on the cleavage face. 


2. Zinc 

Zinc cleaves along the basal plane, and hence 
only two parallel surfaces of the specimen can be 
prepared by cleavage. As a result, thin discs having 
the greatest possible area of cleaved surface have 
been the 
experiments, [4; 5; 6]. This is unfortunate since the 


used for most of recent deformation 


thin sections deform easily during cleavage, and it 
is difficult to 
Zinc deforms by slip on the basal plane in the 


obtain an undistorted specimen. 


close-packed direction at liquid-air temperature so 
that, unlike sodium chloride, deformation markings 
due to slip do not appear on the cleavage face. 
the 


bending stresses set up during cleavage (Figure 2 


However, normal slip cannot easily relieve 


BENDING BEAM 


FIGURE 2. Stress system during cleavage of thin flake 


and other surface markings appear both on the 


upper compressed surface of the thin flake, and 
also on the lower extended surface. The bending 
strain is exaggerated in this figure, and it can be 
seen that the stiffness of the bent beam produces 
the tensile force across the tip of the crack which 
is responsible for cleavage. 

Cahn has 


remarked [7], the tensile stress on the lower surface 


(a) Lower surface markings. As 
produces fine twins because the axial ratio of zin¢ 
gives rise to a favourable twinning shear for this 
stress system. The accommodation of these fine 
twins in the crystal lattice has been studied by 
different techniques, [1; 8; 9], with good general 
agreement. 

Markings from the six {1012} twin systems are 
found on the cleavage surface, and the relationship 
between the traces of these systems on the basal 
plane is shown in Figure 3. In most cases, twins on 


different {1012} systems do not cross because the 


CLEAVAGE 
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shear directions are parallel neither to each other, 
nor to the line of intersection of the twin planes. 
however, in 
left 


Intersections have been observed, 


regions of high stress, as shown on the and 


FIGURE 3 Traces of | 1012; twins on basal plane 


bottom right in Figure 4. The crossing twin fre 
quently splits into two components, with traces on 

10] to the 
in this figure. 
101 
1 twin of the same system as the 
1012 


higher magnification in 


the crossed twin at about 17° and 


original trace as shown on the left 


The 


on the far side as « 


broader of these, inclined at emerges 


the original twin. A similar intersection of 
with (0112), is shown at 
Here the Opaque stop has been set to 
the 


Figure 5. 


give sensitive dark-field illumination and in 


original print two components can be seen in the 
before, 


emerges on the far side. In this case, however, the 


crossed twin, the broader of which, as 


emergent twin splits into two components, a 


(1012) parallel to the original twin, with a 
1102 
the 


short 
. The inclination to 


the 


twin giving a trace at 60 


basal plane of the surface of broader 


component was determined with the 


crossing 
opaque stop microscope and the surface was found 
to be nearly parallel to that of the crossed twin. 


In Figure 6 the opaque stop has been to 


the the 


distinguish between parallel traces 


1012) and (1012 
(0112 0112 
types intersection can be 
figure; 
at 101° as before, and 


ind also between those of the 


and twin systems. lwo general 


seen in the 


of twin 
1012) with (0112 giving a basal plane trace 
1012 0112 


with a 


trace at 17°. Frequently, the crossing twin fails to 


emerge on the far side as in the centre of the figure, 


or it may emerge as a twin of a different system as 


1012) twins 


In the 


on the top right of the figure, where 


have become (1012) twins after intersection 


complex intersection shown in Figure 7, the local 


stresses have given rise to a series of twins with a 


trace at 60° to the crossed and crossing twins. A 


* The I iph 
considering the posi 


twins this photog 
iti 


kinks 
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unique transformation is shown in Figure 8 in 
a broad (1012 


continues as 


twin splits into two at an 
1012 (1012 


with parallel traces. Broad accommodation kinks 


which 


intersection, and and 


can be seen above the original twin, and on each 


side of the pair. 
Although common in polycrystalline hexagonal 


crossing twins are rarely observed in 


metals, 


single crvstals since they are not true crvystallo- 


graphic intersections and high energies are required 
further 


formation. Their instability is 


the ease with which they split into 


thei 
out by 


tor 


be rne 


two components, or even become twins of a 


different svstem after the intersection. The crvs- 


tallography of these twin intersections is described 
in detail in the 


lL ppe surface markings 


\ppendix. 


rhe 


pressed surface of thin cleavage sections shows the 


upper com- 


system of radial steps from the previous parting, 


together with deformation markings produced by 


the subsequent compression. In practice, successive 


( le ivages are made trom the same side ol the single 


( rvstal rod, 8) that the ceneral pattern ol the steps 
is similar from one specimen to another. 
twins are found on the upper surface, 


deformation marking consists 


ommon 


lines, at right 


nne 
] 


also 


Ol pal illel bands or 
> twin hence to the close- 


ip direction. The presence of a twin, an 
boundary, 


the 


accommodation kink plane, or a mosai 


limits bands on 


Figure 9, 
ie at right 
tion of and 


ingles to tne ire 


axis of bending in the 
Figure 10, 


indicat- 


parallel to the 
\Mlore rarely 


is black 


theretore 
these 
ind white bands, 
to the 
the 


re narrow areas inclined 


€ in opposite directions, with 


between the black and the white 


raised above the level of the surrounding surface. 

es, these markings are continuous 
Figure 11, 
shows that they extend into the material at right 


ther 


icross a high step, and this 


angles to the basal plane. If, like twins, vere 


nclined to he surtace, they would be displaced 


sidewavs it such a step 


From Figures 9, 10 and 11, it is possible to see 


now 


these markings are related to the relaxation 
of the compressive stresses in the upper part of the 


disc. A 


drawn in Figure 12 to show how the 


bent section through the surface has 


been 
buckling spreads into the interior as an array of 


kink planes, normal to the surface and the slip 


RGICA, 


l 5 3 


VO... 3, 


direction, without crossing the neutral axis into 


the tensile twinning region. 


, showing 


Both the fine kinks shown in Figure 9, and the 
bands in Figure 10, have been studied with 
W. 


show 


large 
the reflection electron microscope by Dr. J. 
Menter. The still 
flat surtaces at 
suggests that the lattice tilt is confined to single kink 


large bands, Figure 13, 


the higher magnification and this 


planes, as drawn in Figure 12. The band is made up 
of two tilted areas of opposite slope, with each area 
bounded by kink planes containing disloc ations ol 


opposite SIQI 
l4, are 


either side of the principal bands, 


1 in each plane. The fine kinks, Figure 
seen to cover large areas of the surface on 
they were 


Figure 10, 


and 


found in isolated areas, just as in 


with no simple geometrical buckling of the surface. 
Holden 


bands 


8] has suggested that these markings are 


kink formed by compressive stresses from 
the impact of the cleaving tool.. However, since 
they were found only on the upper surface of thin 


cleavages flakes in the 
probable that they were in fact formed immediately 


above work, it seems 


after the propagation of the crack bv the bending 
stresses imposed on the flake. Similar kink marke 


ings are produced uniformly over the cleavage 


face on the « ompressed side of spec imens deformed 


by bending at room temperature. In this case, as 


Zapplé has observed [10] the markings may appear 


at an angle of 76° to the twin traces as well as at 
right angles to them. These do not appear to be 
simple kinks although they occur side by side with 


those normal to twin traces. 


Conclusions 


The extent of the plastic deformation observed 


in thin specimens prepared by cleavage renders 
doubtful their value for further experimental work. 
So much distortion is introduced during the cleav- 


age process that it is only justifiable to study the 


the most 
Oo! 1 series 
ingles to th 
flat central area 
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process of cleavage by means of the distortion, or 
that the 
[n particular cases the latter 


else to develop distortion further in 


subsequent work. 


course may prove useful, but it is barely possible 
to prepare thin strain-free specimens by cleavage. 
On the other hand, large undeformed specimens 


can be obtained by cleaving thin sections away 


from the desired specimen. This has proved valuable 


for preparing single crystal specimens of sodium 


chloride, and should be equally valuable for 


body-centred cubic crystals, like a@-iron, which 


on the (O01). 


Twin 


cleave 
occur in zinc, 


the 


intersections are found to 


the sense and direction of twinning 


where 
shear are not identical in the crossing and secon- 


dary twins. This unexpected breakdown of the 


second basic condition see Appendix for twin 


lamellae to intersect is accompanied by _ local 
lattic e distortion to relieve the shear discontinuity 
Similar intersections have been observed in poly 


local 


of high stress may be expec ted to occur. 


crystalline hexagonal metals, where regions 
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Appendix 


Twin Intersections in Zine 
The conditions for two twin lamellae to intersect 


each other have been considered by Cahn [11], and, 


following his treatment, the conditions for physical 


continuity of the crossing twin are, quite simply 


1. The traces of the « rossing \) and secondary 


(C) twins in the plane of the crossed twin (B) must 


be parallel. 


) 


2. The direction (n,;) and magnitude of shear 


must be identical in the crossing and secondary 


twins, and the sense of shear must be the same 


Assuming that the secondary twin has the 


same indices relative to the lattice of B as the 


crossing twin A in the parent lattice, the orienta- 


A and C are 


twinning plane of B. In the stereogram, Figure 15, 


tions of related bv reflection in the 


the pole of the twinning plane of B, Ky,, is at the 
centre, with the corresponding poles for A and C at 
K,, and Kye. The traces of Ky, and Ki¢ are both 
parallel to XY, and the first condition is therefore 


CLEAVAGE 


697 


DEFORMATION 


direction of Kk however, 


The 


on the great cir le, 


satisfied shear 


lies at n while that of K 


lies at Nic on the Opposite great Cire le Chus the 


] 


shear directions in A and C are not pat 


intersections would not be expected to 


[t is more instructive 


stereographic projectior 
the primitive circle inste 
crossed 
the poles ol 
numbered Kk 
lhe 
perimentally 
1O12 


reterred to as 


two gene! 


1012 2 
In igure 


it the 


lOa the 
centre, with the poles of 


Crossing 
] ; 
tn 


repre sented bi 


the direction g1 


| he problem now 


SIX possil le CtWins, 
crossed twin Ix 


parallel to the directio1 X. The poles of 


twins are obtained as bet } 


standard proje« 


pe 


and the import 


| he 


this is the «¢ ise Cons 


stereog! 
and 


here 


K, and Kgs in 


intersects Ix al idered 


in Figure 15 the indices of the secondary 


as those of the crossing twin. From 


are the same 


a 
/ 
A \ 
\ 
\ r 
\ 
Fi St 
vith the Das Diane is 
953 Rs | of the twinning plane of 
DOVE kor tnis rpos¢ 
vinninge planes have be 
Ol ntersectTior opserved 
considered Se Dal 
Inte 
f the parent cryst 
ot the T\ nninge p nes 
K, and K; respectively. The shear direction 
long ven by X 
ee lso give ntersection with K 
in this case are shown at 
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this plot, however, the angle between the traces of 


the twins K; and kK, on the basal plane can be 
measured as 100°, compared with the figure of 101° 
Figure 4. 
the 


measured from the photograph in 
This makes it clear that in spite of 


anomaly the twin intersection does take place, and 


shear 


FIGURE l6a [win intersection of type (1012)—(0112 


the twinning strain of the (1012) twin in the parent 


through the crossed twin as a 


the 


is transmitted 


secondary twin with same relative indices. 


The plane of Ks intersects Ko at Y, 
between the traces of kK; and K; on the basal plane 
°, compared with the experimental 


and the angle 


is found to be 19 
value of 17° for the narrower secondary component 
in Figure 4. K; is the pole of that twinning plane 
which makes the next nearest intersection with Ko, 
and the experimental evidence suggests that it 
too can become a secondary twin in this type of 


intersection. A perspective view of the intersection 


FiGURE 16b. Twin intersection of type (1012)—(0112), 
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is shown in Figure 16b, looking down through the 
basal plane which lies in the plane of the paper. 
This is oriented in the same sense as Figures 4 and 
5, and shows how the kK; secondary twin is preferred 
to the Ks, component. The direction of shear in Ky, 
indicated by the arrow, is very nearly parallel to 
the basal plane, in keeping with the experimental 
observation that the surface of the secondary twin 
was nearly parallel to the surface of the crossed 
twin. 
(1012)—(0112) Intersection 

In Figure 17a the c-axis of the parent is at the 


centre, with the poles of the twinning planes at 


FiGuRE 17a. Twin intersection of type (1012)—(0112). 


K, and K;. The twins intersect along the direction 
given by the point X. The pole of the secondary 
twin with the same indices as K; appears at Ky, 
and this twin plane intersects K; at X. The angle 


FIGURE 17b. Twin intersection of type (1012)—(0112). 
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between the traces of K, and K, is found to be 19° 


from this figure, compared with the experimental 


value of about 17° measured from Figure 6. A 


perspective view of the intersection appears 

Figure 17b. As with the (1012)—(0112) case, in 
spite of the shear anomaly, the twin intersection 
occurs in such a way that the crossing and secon- 
dary twins have the same indices in their respective 


lattices. 
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DEFORMATION MECHANISMS IN TITANIUM 
AT ELEVATED TEMPERATURES* 


J. McHARGUE and J. P. HAMMOND? 


yrmation mechanisms of titanium have been studied for coarse-grained specimens deformed 


it 815°C. Slip pl of types } 1010; and ;1011; were observed, and it was noted 


slip occurs more frequentl 


itly than at room temperatures lecre in the amount of 
opserved: ver, considerable I nnit was observed on | and 1122} planes 


}1012{ twinning were noted at 815°C 


LES MECANISMES DE DEFORMATION DANS LE TITANE AUX TEMPERATURES 
ELEVEES 
Y 6té étudiés sur des échantillons a gt 1S, 
ns de glissement des types } 1010} et | LOLO{ ont été observes, 
) 1011} était beaucoup plus fréquent qu’a la température 
clage était moins fréq lent Du maclage « ynsidérable a été, 
des types ; 1121} et {1122} Dans au I cas, du 
1012; n'a été noté a 815°C. 
CHANISMUS DER DEFORMATION DES TITANS BEI HOHER 
TEMPERATUREN 


robkoérni pal 


wurde 
[vps 
bei Zi 

zeigte sich erhebliche 


on 815°C w 


n observed that many metals undergo of deformation is increased. Cahn [6] reported 
in the slip systems when deformed at that somewhere between 300° and 450°C slip 


al - 


temperatures other than room temperature. Some almost entirely superseded twinning 1 


of the materials for which alterations in the slip uranium. At 300°C, deformation produced many 


systems have been reported are aluminum, mag-_ twins, while no twins were observed in specimens 
nesium, 8-tin, molybdenum, sodium, potassium, deformed above 450°C. Barrett and Haller [7] 
ind some iron-silicon alloys [1]. noted that the amount of twinning occurring in 

Schmid reported the operation of {0001}, {1011}, polycrystalline magnesium deformed at 200°C 


Ss 


lip planes in magnesium deformed was much less than usually observed at lower 
Bakarian and Mathewson [3] temperatures. In these specimens, no twinning was 
0001! and {1011} encountered when the deformation was accom- 

ible to find evidence — plished above 300°C. In polycrystalline beryllium 

7| twinning was reported to be common tor 


f titanium at room temper- deformation occurring below 300°C but was 


‘n reported as {1010} (1120) plus a absent in the temperature range of 400° to 800°C. 

1011 1120) slip [4], or {0001} \ multiplicity of twinning planes has_ been 

1120) slip [5]. The reported reported for titanium [4; 5], whereas only {1012} 

presence of 20) slip in titanium at twinning has been noted for the other hexagonal 
nt temperature uggests that this svstem close-pac ked metals studied 1}. Che twin planes 
become more active at elevated temperatures, of titanium are {1012}, {1121}, and {1122}, the 


it higher temperatures in last family of planes being active only rarely at 


since it is ictivated 


ienesium. room temperatures. 


There have been no instances in which new This paper reports a study of the deformation 


twin planes were observed at elevated temper- mechanisms of titanium deformed at 815°C 


atures. The usual experience is to find that 
° > > ‘ > 
twinning becomes less frequent as the temperature Experimental Methods 


[odide titanium obtained from the New Jersey 
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tion. The reported analysis of this material was: 


C, 
Phe 
No instances of besal slip or {in 
Der Deformati rga les Titans ing verformten Probert 
bei tersucht. Gleitebenen des wurde beobachtet, l es zeigte 
S lass } 1011; Gleitung hautiger als r auftritt. Es wurde « Verringerung 
ler Zwillingsbil beobachtet locl Zwillingsbild iuf d 51121} id 
11122} Eben Bei einer Temperatur VEE urde weder Gleitung auf der Basisebene noch 
1012! Zwil esbild beobachtet 

It has ‘7 
changes 
195 
ind s 
ibove 
confirmed the 
slip it 330~( 
ot 1012! slip 


4 
953 5 A 7 
/ 
> 
9 
PLATE I. Figure 1—Macrograph of large ¢ | O10 
in titanium defor it SIS°C (250 Figure 5 ' C (250> 
Figure 6—!}1010! slip lines and tw t 815°C (250 - 
photomicrograph of wa 1011! slip ( 100 Figure 9—Phot ; 
QQ per cent at 565°C 500 > Figure 10 et TOO" 00) 


McHARGUE ann HAMMOND: DI 


No, 0.002 per cent; Mn, 0.004 per cent; Fe, 0.0065 
per cent; Al, 0.0065 per cent; Pb, 0.0025 per cent; 
Cu, 0.01 per cent; Sn, 0.002; and Ti, 


Ingots were made from the iodide titanium crvstal 


remainder 


bar by arc-melting on a copper hearth in an 


Che cold-rolled 
strips approximately 0.05 inch thick. 


argon 


atmosphere. ld5g ingots were to 


Production of Large Grains 


While it 


single crystals for the study of deformation mechan 


would have been desirable to have 


isms, no suitable method has been developed [ol 
the production of single crystals of titanium large 
enough to work with. Both the strain anneal 
method and a cyt lic process were used to produc S 
grains large enough for study. The cyclic process 
Vave a better vield of usable erains, and all erains 
studied except AI and BI were produced in this 
manner. 

Grains Al and BI were obtained from the strai1 
ip 


obtain 1 


anneal procedure. Cold-rolled st was vacuum- 
TOOPC 


equiaxed grain structure. Strips of 


annealed at in order to fine 


the annealed 
material 3 inches long were pulled in tension so 
give elongations of approximately | 
lhe 
vacuum, with 
LOO 


approximately 195° 


as to 


cent. strained strips were annealed in a 


the being increased 


at ar 


temperature 


from to ate of approximately 


This treatment was 
( 


per day. 


i. final anneal at for 48 hours 


the 


followed by 


Specimens subjected to cvclic treatment 


contained grains up to 0.5 inch in size. Pieces of 
the cold-rolled strip were sealed in evacuated quartz 
heated to 850°C. After being held for 


850°C, 


tubes and 
24 
1100°¢ 
24 
and 
850°C. 


the specimens were held at 
850° 


hours at 
for 4 
Several heatings to 1100°¢ 


hours, and returned to for 


hours. were given 


the treatment ended with a final anneal at 


\ typical specimen prepared in this manner 


is shown in Figure 1. 


Betore being deformed, all specimens were 


lightly polished and etched. 

De formation Procedure 
60,000 

fitted 


\ Southwark-Emery pounds capacity 


with a furnace for 


Che 


Was 


testing machine was 


the high tests. furnace Was 


resistance-wound 


temperature 


and input through two 


variacs and a Micromax recorder-controller. A 


thermocouple was placed in contact with the 


study, and indicated temperature 


at 815°C. All heating was done in 


grain under 
control was +5° 


an atmosphere of dried 99.98 per cent argon, and 


FORMATION 


HANISMS IN 


the specimen surfaces remained 


the heating 
Determination of} 


nd 


1 stereogt iphie 


Identification of the slip 
was based on the use of 
back-reflection Laue photog1 im of th 
under study. The X-ra\ 
an | X-ray « 
telescope for aligning 


| he 


shown 


nican amera with goniomete 


tion was used. orl the 


grains studied are 


the rains 


Viost of 


method described 


] 


method, the and 


Suriace are 


was first made 


1 


ind 


visible 
the plot 

\ tenta 
elements could be 


fell 


ordet to ODI 


on 
centel 
made 
planes on. the 
circles 

the orien 


prorection 


sol tion of one 

Che two-surtace 

bh it 
by 


the 


the 


Iscs, 


tions were made 


Discussion of Results 

S stud 
LOLO 
ind 


Che results of fourte 
Table | 


ind 


[Two 
two twin 
observed to be ; 
Figures 4—7 show ty 


mation markings in titanium pulled 


( 


exposures were Ma 


703 
Ori’ 
1) nes 
plot ota 
region 
ait Vitn 
= na 
(ourtec 
is Lit 
AH 
“UN 
YC 
rR 
“AB 
BB 
R EH A 
Ori 
R15°C 
] } } +} 
53 
Cll passing through the 
ce normals. Howevs 
ereogran were rot ted so 
resDpDoO ec Tine ST na 
mum. [he arcs of the great circles representins 
race OI iis were the ( ( oO one steret 
eraphic triangle. The pole representing the 
tion of tl lentil the S 
mat t ] 
nd Oll}, 
1122 vere 
t 
> 
pical appearances 
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815°C. The appearances of {1010} slip bands and 
{1121} 


titanium 


present in 
[4]. 


[ypical appearance of {1011} slip bands is shown 


twins are similar to those 


deformed at room temperature 
[hese slip markings are characterized 


‘1011! 


in Figure 7. 


by being wavy, as were slip bands in 


magnesium [3]. 


(1120) 


“IGURE 3. Soluti 


4 deformation elements. (a) Stereo- 
projection containing normals to slip 
and twin b) Trace normals rotated into 


lard projection. @ 0001), A = 


graphic traces of 


triangle of 


{1121} 


one unit 
1011! 

Slip on {1010} planes apparently dominated at 
the temperature of testing, but it appeared that 


1011} 


lower 


slip occurred more frequently than at 


temperatures. Rosi and co-workers [4] 


‘1011} 


exhibited a complex slip process, whereas Jillson 


reported slip on only in crystals which 


and Anderson [5] failed to note its occurrence at 
all. It is significant that all the slip in three grains 
occurred on {1011} planes. No instances of basal 
slip were observed. Very little, if any, slip of this 


nature was reported for room temperature de- 


formation [4; 5}. 
The twinning behavior of titanium at 815°C was 


interesting. In every hexagonal close-packed metal, 
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rABLE I 


DEFORMATION ELEMENTS OF TITANIUM AT 815°C 


Grain Slip plane Twin plane 


BB 1122 
1010 + 1011 1121 
DH 1010 + 1011 1121 
EH 101] 1121 
CB 1010 1121 
Al 1010 + 1011 
BI 1011 
YC 1010 
FB 1011 
AB 1010 
BD 1010 
XB 1010 
AH 1010 
AG 1010 


1122 + 1121 
1121 
1121 
1121] 


(1012! has been observed, and _ this 


of twinning 


twinning 


type was observed frequently in 
titanium by the investigators cited earlier [4; 5}. 
However, in the present study, no twinning on the 
‘1012! family was found, although twins of the 
{1121} and {1122} 


22} Twins 
were found in all but three grains, but not to the 


types were observed. 
extent found in grains deformed at lower temper- 
122) 
these, grains accounted 
that 


atures. In three grains, type twins were 


observed, and in two of 


the twinning. It appeared the 


relative amount of {1122} 
at 815°C than at room temperature, although the 


for all of 
twinning was greater 


total amount of twinning seemed to be less. 


[7] and 


twinning 


magnesium 
{1012} 
has been reported, twinning entirely ceases as the 
Similar 


significant that in 


(8), 


It is 


beryllium for which only 

increased. 
11012! 
titanium, but a different behavior is exhibited by 
and {1122} 


of twinning seems to be 


deformation temperature is 


behavior is observed for twinning in 


twinning. While the frequency 
less than in grains de- 


formed at lower temperatures, there is still an 
appreciable amount of {1121} and {1122} 


at 815°C. The 
behavior of twin systems are not apparent. 


twinning 
reasons for these differences in 
In instances in which the slip plane changes with 
the 
remained the same [1]. It has been shown that a 
(1120 
{0001} and {1011} slip in magnesium [3]. Rosi, 


temperature, direction of slip has always 


direction serves as slip direction for both 


Dube, and Alexander [4] have reported that the 
slip direction for {1010} slip in titanium at room 
temperature is of the (1120) type. 

instance in the investigation 


In one present 


(grain AG), the movement of the specimen axis 


Ta 
| v| 
4 
| \ 
\ | 
\ \ 
* 
= a 
— 
3a 
O56 
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during extension was observed by determining 
the grain orientation at different stages of extension. 
In this case, the movement was toward a direction 
of indices (1120), Figure 8. In view of the fact 
that both {1010} {1011} 
(1120) directions, and the 
tions, it seems reasonable to assume that the slip 


1120 


and planes contain 


from above observa- 


direction at 815°C is of the type for both 


families of slip planes. 


FIGURE 8. Change in orientation of stress 


deformation of grain AG. 


aXIs 


The change in lattice constants has been reported 


for titanium over of 25 


the temperature 
225 [9]. 


range 
to 225°C These values were 


Aay = 11.0+0.3 X 10° Aco = 8.8 4 
x 10-*. Thus, as the temperature is increased, 


reported as 


and 


titanium decreases. It has been 


the 


a ratio of 
that in 


the c 


suggested hexagonal close-packed 
metals, the complexity of the slip systems increases 
as the c/a ratio decreases [4]. Because of the de- 
crease in c/a ratio, the atomic density of the {1010} 
and {1011} planes becomes greater as the temper- 
increased. Apparently, the density of 
the {1011} 


where slip can take place more readily than on the 


ature is 
packing of planes reaches a_ point 
same planes at lower temperatures. 

In Figures 9 and 10, typical microstructures of 
hot-rolled polycrystalline iodide titanium are shown. 
{1012} {1121} 
in iodide titanium reduced 90 per cent in thickness 
at 565°C. It will be noted that many of the grains 


Figure 9 shows both and twins 


are twin-free. One grain near the center of the 
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11012! 
and the grain just beneath it contains both (1012! 


photomicrograph contains several twins 
and {1121} twins. Figure 10 is a photomi rograph 
of similar material reduced 90 per cent at 790°C 

This microstructure shows that most of the grains 
contain no twins, and that the only twins present 
are of the {1121} type. Thus it appears that { 1012) 
twinning ceases to be somewhere in 


active the 


temperature range of 565° to 790°C 


Conclusions 
The 


determined in coarse crystals of 


slip and twinning elements have been 


arc-melted iodide 
titanium deformed in tension at 815° \ study of 


fourteen grains showed that at least two types 
of slip and two types of twin planes are operative 
at this temperature. The slip planes were of the 
11010} {1011} and the 
were of the types }1 121} and {1122} 


of basal slip or of | 1012} twinning was noted 


types and twin planes 


No instance 


rolled 


at 565° and 790°C indicated that {1012} twinning 


Photomicrographs of iodide’ titanium 
ceases to be operative somewhere between these 


temperatures 
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THE DYNAMIC YIELDING OF MILD STEEL* 


J. D. CAMPBELL 


cults of dynam 


propos 
propose 


work is emphasized 


L’ECOULEMEN1 
iis dyn 


m, basé sur la théori 


] 


faite avec la théori La nécessité de ¢ 


DYNAMISCHES 
imischen Versuchen 


zu Grun 


ind die Er 


1. Introduction 


[wo main types of test have been emploved in 


investigations of the behaviour of materials sub- 
1e( ted to rapid loading: 
a tests in which the load is incre ised at a more 


or less uniform rate until vield occurs; and 


b) tests in which a load is rapidly applied and 
removed and the permanent set (if any) measured. 
Examples of investigations employing the first 
types ol! test are those of Morrison [1], 

Manjoine [2], \lacGregor 
In these investigations the stress-strain 
the 


of these 
Nadat 


Fisher [3]. 


and and and 


steel was found to vary with 


for mild 
te of strain, at any given temperature. 
Examples of investigations employing the second 


Mason [5] 


type of test are those of Hopkinson [4], 


These iny estigat ions 
steel to 


ind Edmonds [6]. 


th Lt 


and Brown 


have shown it is possible for mild 


withstand stresses higher than the “‘static’’ vield 


stress for short periods of time without yielding. 
Since in tests of this type the rate of strain is not 
constant, but decreases to zero at maximum stress, 
it is evident that the vield stress of mild steel is 
nota simple function of rate of strain. 

Recently a third ty pe of test has been employed, 
in which a constant stress is applied and the time 
10]. The 


that the 


before vielding is measured (7; 


results of these tests have confirmed 


vielding of mild steel occurs at stresses higher than 
the ‘“‘static’’ vield point if the time of loading is 
small, even though the rate of strain at yield is 
Zero. 


1953. 


*Received Jun 19, 


+Oxford Universi 
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und impact tests on mild steel are reviewed, and a criterion for dynami 
1 d, base d on Cottrell and Bilby s theory or \ ielding 
published experimental data and a comparison is made with theory. 


DYNAMIQUI 


1 imiques et 
d’écoulement de Cottrell et 
nique. Ce criterium est appliqué a certaines des données expérimentales publiées; 
ntinuer les travaux expérimentaux est souligné 


FLIESSEN 


und von 
fiir dynamisches Fliessen wird vorgeschlagen, dem di 
de lieg inl 
gebi 


ntelles Material dri 


ingend bendtigt wird 


vield 
rhe criterion is applied to some of the 
Che need for further experimental 


DANS L’ACIER 


au choc eff 


Bilby, 


DOUX 


ectués sur l’acier doux, et u 
est proposé pou! lécoule ment 


comparal 


IN WEICHEM STAHL 


Schlagversuchen kritisch zusam 


Pheori 


werden 


Kriterion wird auf einige 


mit der Theori 


Die ses 
lisse werden 


experiment 


verglichen. Es wird 


It thus appears that a theory is needed by which 
the results of dynamic tests of various types may 
be correlated. In the method is 


present paper a 


proposed for effecting this correlation. 


2. Theory 


well established that the 


the 


It is now vielding of 


metals is due to movement of dislocations 
within the crystal lattice. This movement is caused 
by the applied stress aided by the effect of thermal 
Cottrell 


11] have shown that in mild steel the dislo- 


fluctuations of molecular velocity. and 
3ilby 
cations are anchored by atmospheres of carbon 
atoms; they have thus explained the existence of 
an upper and a lower yield point. They have also 
shown that the mean time before a dislocation is 
released from its atmosphere is proportional to 
kT}, 
for the applied stress o, ¢o 
at O°K, R is 
temperature. It 


t the total 


exp[ U(a/o; where is the activation 


energy is the yield 
3oltzmann’s constant and TJ is 


this 


stress 


the absolute follows from 


that at 


released is proportional to 


time number of dislocations 


exp[— U(a/ao) /RT| dt. 
e 


reasonable to that vield will 


the 


It seems suppose 


occur when density of released dislocations 
reaches a certain critical value. With this assump- 


tion, vield will occur at a time ¢, given by 


| exp [— U(a/a0)/kT] dt = constant. 


The constant will evidently depend on the particu- 


lar steel tested, but should be independent of the 


\ 
son ¢ 
Die Ergebnisse vo sam 
mengestellt, und ein Kriteri MM: des 
Fliessens von Cottrell und Bilb ell 
Date in der Literatur angewat 
betont, dass weiteres experi ne 
ra 
ty, England. 
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stress-time variation corresponding to the test used. Thus the theory predicts power-law rel itionships 
If it is assumed that for ¢ <0 the material is hketween vield stress and strain-rate and between 
unstressed and has no free dislocations, and that yield stress and time to yield, at constant temper 
for t > O the stress is given by o f(t), then the — ture. 


time of vield, is given by 


If a constant stress Y is ipplied at time 
(1) CXP | indicates that the time ol vield is 


where C is the constant for the material. 


[Theoretical activation energy curves have been It has been found experimental \ rf that there 


derived by Cottrell and Bilby from a consideration exists a definite delay time betore yield occurs in 
of the mechanism of release of a _ dislocation constant stress tests 


lay 


Yokobori [12] has pointed out that these curves this delay time should be 


may be represented approximately by equations stress 


of the type Equation (9) may be compared with 


‘a it is seen that iora iven vield stress 
(9 - - 0 
= ’ V1 in a constant 


where 1 is a constant. 
Substituting this expression for L’ into equation 


1) gives 


eases rapidl 


| 0 a 


where a nkT)—', a dimensionless constant. 
Thus to determine the vield stress for an il value C * maximum 
given type of dynamic test ¢ t), t; is found integral evident! vhen the 
from (3) and the vield stress Y is then given by to zero us, ically, vield can occu 
(4 time during loading or unloading. Owing 
form of the activation energy curve, however, very 
3. Applications little contribution is mad * value of the 
integral by the parts of the stress-time curve in 
Constant Strain-rate Tests which the stress is sma For ex imple, 7 
Here the stress is civen by time curve is taken as 
=fil Ket 


where € is the strain-rate and E is the modulus 
of elasticity (the material being assumed te be 
elastic up to the vield point 


Substitution of (5) into 
Since a ; 1. the cu ve 


(6 zero except for \ ilues of 
ra 20 the value of 
2 per cent as the stress falls from 
* therefore very unlikely that vield woul 
during unloading at a stress less than sa‘ 
Y « e**! at constant temperature. cent of the maximum stress 
Yokobori has derived an approximation to this lhe maximum value of th 
relation by somewhat different reasoning. He when / r/, and is given b 
assumes nkT7T’ < 1 and so obtains the result 


=€ 
Eliminating € between (6) and 


(8) where IT is the gamma-function 


power tunction of the 
pag 
Imbact Test 
+] ] f +} int ] + tar 
ne Vaile O ntegi 
e 
ee the ntegrand is sensibl 
ero. It is 
] 
qd 
YU per 
T 
\ 
r(2+41) 
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Since a 1, the asymptotic expressions may be 


used in (11 and the maximum value becomes 


12 


Thus in tests of this type we may expect the vield 


stress tO vary aS Ww 


4. Comparison with Experimental Results 


The hypothesis involved in equation (1) leads 
to the conclusion that 
that by increasing the time of loading 


there is no ‘‘static’’ vield 


stress, 1.€., 
sufficiently the vield stress can be made indefinitely 
small. This is evidently contrary to experience and 
it therefore appears that the theory given does not 
apply for large durations of loading. It is suggested 
critical time o loading above 


that the 


which the theory fails to hold is of 


below 
the order of | 
that 1 
must 


second. Accepting this value, it follows 
to compare the theory 


relatively 


order with tests 
high speed. Owing 


the 


carried out at 


experimental difficulties, however, available 
data relating to tests of this kind are rather meagre. 
An to check the theory 


against some of the published results of tests on 


attempt is made below 


mild steel. 


Constant Strain-rate Tests 


Morrison |1] carried out constant strain-rate 


tests on two annealed steels containing 0.2 and 0.6 
His 


the logarithm of 


are 
the 


per cent arbon respec tively results 


shown in Figure 1, where 


T 


| 

= 
x 06% CARBON STEEL 
@ 0-2% CARBON STEEL 


(Y IN TON/IN2) 


LOG, Y 


w 


LOG, t, (t, IN SEC) 
stress (¥) versus time to yield (ft; 


Morrison). 


FiGurE Yield 


constant strain-rate 


yield stress is plotted against the logarithm of the 
time to yield. It will be seen that for each of the 
steels tested, the curve appears to become approxi- 
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mately straight for times less than about 1| second, 
but that this cannot be regarded as proved, owing 
to the small number of points in this range. 
Accepting the lines drawn, however, a numerical 
comparison with theory is possible. The slopes of 
the two curves for 4; < 1 sec. are approximately 
the same and equal to —0.053. From (8) therefore 
we have 


Lja = nkT. 


0.053 


= 290°K, 


activation 


°C and T 
the 


Lae 
n 0.48 eV. 


erg 


Taking k = 


this gives | Thus 


energy curve is given by 


(13 U =~ — 048 log, (¢/a0) eV 


Cottrell and Bilby give four activation energy 


curves obtained by taking various values for the 


parameters involved in their analysis. These 


curves are reproduced in Figure 2, together with 


(eV) 


> 
> 
a 
z 


ACTIVATION 


the yreti- 
from dy- 


irves | 
derived 


FIGURE 2 Activation energy curves. C 
cal (Cottrell Bilby Dotted curves: 
nami 


and 
tests. 
that represented by equation (13). It will be seen 
that the latter lies near to Cottrell and Bilby's 
curve 4, which they state is the most reasonable 
of their four curves. 

It thus appears that for times of loading less 
than about 1 second the theory is in reasonable 
agreement with Morrison’s experimental results. 
(ii) Constant Stress Tests 

Vreeland, Wood and Clark [10] have published 
results of constant stress tests carried out on an- 
nealed mild steel of 0.12 per cent carbon content. 
The actual values obtained for the yield stress are 
not given in Vreeland, Wood and Clark's paper; the 
points on their stress-delay time graph have been 
which may therefore 


reproduced in Figure 3, 


contain errors due to replotting. There is in any 


|_| l - 
| a a 
to 20h 
\ 
vO] 
ej \ \ 
\ 
fe) 
0/0, 
\ 
\ 
| 
| 
| 
| | } ~ +, oo 
| 
1-30 
-2 2 3 5 
at 
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case a considerable amount of scatter in the results: 
however, the straight line drawn fits the points 
reasonably well, for delay times less than about 2 
— 0.040 


the 


seconds. The slope of this line is and 


hence from (9) l/a ~ 0.040. Taking same 


| 


° 


(t, IN SEC) 


FiGuRE 3. Yield stress ()) versus time to vield 


constant stress (Vreeland, Wood and Clark 


values as before for k and 7, this gives 1/n ~ 0.63 


eV and hence 


U =~ — 0.63 log, eV. 


(14) 


activation curve represented by 


The 


equation (14 


energy 
has also been plotted in Figure 2; 
it may that it Cottrell and 


Bilby’s curves 4 and 2 but is nearest to curve 4. 


be seen lies between 


Again, therefore, the experimental results are in 


reasonable agreement with theory, when yield 


occurs in less than about 1 second. 
It is unfortunately 
conclusion at 


comparing Vreeland, Clark and Wood's results 


possible to check the 
sec. o 


not 


stated the end of (i by 


with those of Morrison, since the materials tested 


were different. 


(iii) Impact Tests 

Davies [13] has given the results of experiments 
in which a mild steel plate was subjected to impact 
loads by means of a bouncing steel ball. The stress 
necessary to cause vield was measured by deter- 
mining the minimum height of drop required to 
cause a permanent indentation of the plate, the 
stress being calculated from Herz’ theory of 
impact. The ratio of this stress to that obtaining 
conditions was found to be 2.04; the 


the 


under ‘‘static’’ 


loading and unloading in dynamic 


tests 15 
arises in applying the proposed theory 
conditions are not defined. 


time of 


was about microseconds. difficulty 


to these 


results, in that ‘“‘static’’ 


From the constant strain-rate and constant stress 
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vield 
stress is equal to that given by the theory iOora time 
10 \Iaking 
estimated 


that 


tests, however, it appears that the “‘static’’ 


seconds. this 


be 


assuming 


of loading of about 


assumption, a value of from 


Davies’ results. Thus, the loading 
curve is sinusoidal, (12 


dynamic vield stress ¢ ) 
‘static’ vield stress W,/ 


is the value Ot w ¢ orresponding _ 


indicates that 


where w 


conditions Taking 1/2 10 sec. and 


ls X 10 


seconds we obtain 


(15 


and hence 1 /a 0.053 
This compares with the values 0.053 and 0.040 
and constant 


ld 


obtained from constant strain-rate 


tests respectively. Equation must, 


stress 


however, be regarded as approximate only, i 


However, 


by 


view of the uncertainty in the value of w 


a tenfold variation of w, only changes 1/a 


about 0.01. 


5. Discussion and Conclusions 


It is evident that much more experimental work 
is required in order to test the proposed criterion 
Many ol 
stati 
is 


criterion, 


of mild steel the 


ate 


of dynamic vield 


existing results indi existence of a 


independent Oo! rate ol strain 


by 


seems, 


yield stress, 


not accounted for the proposed 


equation 1). It therefore, that the 


time of loading is sufficiently great, some mechan- 


ism other than that contemplated in equation (1 


must come into operation. The critical loading time 


above which this effect is ippreciable Lippe to 


be of 


varies slightly w 


though it prob ib] 
ot 


the order of 1 second, 
ith the 
too small for any significant amount of long-rang¢ 


th it 


type test. This time is 


atoms to occur, such as 


migration ot solute 


leading to strain ivgeing It has, however, been 


14] that in general a redistribution 


interstitial solute 


show n by ek 


in a-iron occurs when 


ol 
an external stress is applied and that the relaxation 
time for this process is of the order of 1 second at 
The mechanical effects of this 


room temperature. 


redistribution have been discussed by Nabarro 
(15). 
yield is 1 second or more, this mechanism causes a 
the 


It seems possible that, when the time before 
| 


change in the dynamic behaviour of metal 


Any 


therefore include this effect, 


comprehensive theory of yielding must 


if comparison is to be 


| 
z 
= 1-35}— + + + + 4 
z 
tic 
) 
z ok W/Z 
= 4 | 
> 
fe) 10 
212s} ( : 2.04 
| 
1:20-— j 
Loc, t, 
at 
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made between the results of static and dynamic 
tests. 


The proposed theory is in reasonable agreement 


with experimental results when the time of loading 


is less than about 1 second, though further and 
more accurate tests are desirable to check this. 
Unfortunately the experimental difficulties in 
carrying out high-speed dynamic tests are con- 
siderable and much of the existing work has not 
been sufficiently accurate to allow a comparison 
with theory to be made. It is hoped that the present 
paper will be of use in the design of future dynamic 
and impact tests and in the interpretation of their 


results. 
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SUR LA MESURE DES DESORIENTATIONS RETICULAIRES DANS 
LES MONOCRISTAUX METALLIQUES* 


H. LAMBOT}, L. VASSAMILLETt, J. DEJACES 


L’utilisation d’un faisceau de ravons X converge 
courbé permet de déterminer les désorientations angulaires 
étudiés sont irradiés suivant une ou deux bandes mince ? 
d’un rayonnement caractéristique permet d’observer 
(1 métre) avec des temps de pose relativement courts 

Pour des désorientations réticulaires inférieures a l’a 
l’échantillon est maintenu fixe en position de réflexior 
différents niveaux de la zone irradiée 

La détermination des décalages supérieurs a cette 
angulaire de réflexion en une série discréte de positions 

L’observation des monocristaux en oscillation contir 
une structure interne des taches de Br igg habituelles 
réseau. 

Dans cet article, la technique est illustré 
tions mais elle permet également de décelet 
plus tard. 

Il importe de remarquer que le montage propos¢ 


transmission, done d’examiner des éprouvettes d’épaisse 


THE MEASURING OF LATTICE DISTORTIONS IN 


The use of a converging X-ray beam obtai 
enables one to determine the angular distortior ol 
is irradiated along one or two narrow bands, approxim 
The use of a characteristic radiation makes possi 
distances (1 meter) with relatively short exposure 
In case of lattice distortions which subtend a sn i 1Z1 vere 
of the beam (1°), the spec imen is maintained 1 ! d 101 I I tio! le impertectior 
then be followed at different levels of the irradi d zor ar r distort s ar nvestigated b 
decomposing the angular domain of reflection into a discret ri xed positic lecomposed 
oscillation 
The observation of single crystals in continuous ¢ 
the usual Bragg spots in relation to the geometrical 
In this paper, the technique is illustrated only by ex 
allows the observation of eventual substructures that wil 
note that the proposed apparatus mounting provide S versatility for operat 


transmission, and hence permits examination of specimens o v thicknes 


DIE MESSUNG VON GITTERSTORUNGEN IN METALLEINKRISTALLI 


Mit Hilfe eines konvergenten R6ntgenstrahlbiindels, di lur ekriimmten Qu 
chromator erhalten wurde, ist es méglich, di n ei 
Es werden im zu untersuchenden Einkristall ei 
belichtet. 

Belichten mit Eigenstrahlung erméglicht es, di 


(1 Meter) und mit relativ kurzen Belichtungszeiten ; 

In allen Fallen, in denen die Drehungen des verzerrt« 
Divergenz des Réntgenstrahls (1°) ist, wird die Probe 
Gitterst6rungen kénnen dann auf den verschiedenen Lag 
Zur Untersuchung grésserer Verzerrungen wird der Re 
zerlegt (Zerlegtes Oszillieren 

Die Untersuchung von kontinuierlich oszillierenden | 
der Bragg-Reflexionen, die in Beziehung zu den geometriscl 

In der vorliegenden Arbeit ist diese Technik nur an Beispiele O1 rzerrungsmess 
es lassen sich jedoch auch Beobachtungen von Mosaikstrukturen damit durchfiihre 
spatere Untersuchung geplant ist. Es wird darauf hingewiesen, dass der Kristallhalte 
schriebenen Apparatur sowohl fiir Riickstrahlung als auch Durchstrahlun ignet ist 
licht die Untersuchung von Proben jeder Dick« 


flexi 


mosaiques’’, Guinier et Tennevin [1] ont abordé 
1. Introd "étude d’un aspect partiel mais mieux défini du 
Devant la difficulté d’une description précise de probléme des imperfections cristallines. Adoptant 
la structure des cristaux réels a partir des “blocs un point de vue essentiellement géométrique, ils se 
P sont proposé de déterminer expérimentalement la 
* > > ( Q52 
Received June 19, 1953. = constitution du faisceau des normales a la famille 
+Chef de Travaux a l'Université de Liége (Belgique 
Actuellement Research Associate a I’Université d'lllinois. de plans réticulaires déterminés. Leur technique 
tI ulbright Fellow a I'Université de Liege 1950 1952 repose sur la propriété de focalisation des rayons X 
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réfléchis dans la méthode de Laue et elle les a 


lu réseau cristall Le mocrista 
nviron 50 micron le ire L’emp 
Hexio le Bragg a de ¢ ( ( 
| ) ert re / | 
mpertect peut ‘ ea 
eirectue ecom pet ) 
oscillatio ecomposes 
SINGLE CRYSTALS 
mer 
r azimutale 
ehalte Dic 
} et werce 
fester Lage 
ere Strukt 
erlaute 
was tur ¢ 
rin der be 
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conduits a mesurer des écarts angulaires extréme- 


ment faibles entre les plans cristallins d'un méme 
groupe dans un volume assez grand de |’échantillon. 


L’observation des perturbations locales dans les 


monocristaux i encore été entreprise, dans des 


conditions tout a fait différentes, a l’aide de la 


technique de Barrett [2] utilisant la réflexion d’un 


rayonnement monochromatique (3). Smoluchowski 
[4] a également tenté un pareil examen en trans- 
mission. Bien que les résultats obtenus présentent 


un tres grand intérét, ils restent néanmoins 


purement qualitatifs. 

Dans cet arth le, nous proposons une technique 
basée sur l’emploi d'un faisceau convergent stricte- 
ment monochromatique et susceptible de fournir 
une mesure précise des désorientations réticulaires 
de Guinier et Tennevin. 


2. Dispositif expérimental 


Nous utilisons un tube démontable a anti- 
cathode de cuivre ou de molybdéne. Par concentra- 
tion électrostatique des électrons, nous réalisons 
facilement un foyer fin dont les dimensions opti- 
ques sont de l’ordre de 0.6 X 0.08 mm. Le faisceau 
divergent qui en est issu est envoyé sur un mono- 
chromateur a courbé 


quartz type Johann ou 


Johannsson) qui fait converger les rayons incidents 
sur une petite surface rectangulaire. Le réglage de 
ce monochromateur est effectué par voie photo- 
graphique de maniére a obtenir la séparation nette 
conditions, la_ section 


de xa, et ka Dans ces 


minimum du ftaisceau utilisé se compose de deux 
bandes minces d’environ 50 microns de largeur sur 
celle-ci étant 


quelques millimétres de hauteur 


d’ iilleurs régl ible par la fente F, L’élimination de 
kay peut aisément s'effectuer* a l’aide d’un couteau 
effilé disposé iu voisinage du “point” de focalisa- 


tion fig. | le monocristal étudié est placé 
exactement en ce dernier “‘point’’. 

En diminuant l’ouverture angulaire des rayons 
fente F; 


monochromateur un 


sortant du tube (avec la il est possible 


d’obtenir aprés le faisceau 
trés homogéne. Celui-ci peut étre caractérisé de la 
Dans le 


focalisation s’effectue sur une largeur minimum f 


maniére suivante. plan horizontal, la 


fixée par la dimension du foyer sur l’anticathode et 


la qualité de la lame-monochromatrice. Dans ce 


plan, un point isolé de f regoit des rayons de 


toutes les directions contenues dans l’angle d’ou- 


verture w du faisceau (environ 1°). Dans le plan 


*On peut également éviter ce réglage supplémentaire en 


utilisant le ravonnement WLa. 
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vertical passant par le rayon horizontal moyen, le 
faisceau présente une divergence en hauteur qui 


peut également ¢tre caractérisée par un angle 


d’ouverture w’ (1 a 2°). 
Concu de cette maniére, notre dispositif permet 
donc d'irradier une tranche de l’échantillon d’une 


largeur de 50u seulement. De plus, l'utilisation 


d’une radiation caractéristique rend possible l’en- 
registrement des réflexions de Bragg dans des 
temps relativement courts. Par exemple, pour un 
2 mA et 


d’un monocristal d’aluminium d’épaisseur 0.5 mm, 


régime de 15 Kv, une réflexion normale 


fixé en position de Bragg et irradié par le doublet 


\ chromateur 
| 


Fente 


Covteau 


Echantillon 


FiGuRE 1. Schéma du dispositif expérimental 


séparé Mo xa, — xa, donne une tache intense a une 
L’utilisation 
mA 


d’observer les 


distance d’un métre en 30 minutes. 


d’un tube a anticathode tournante (10 a 15 
et 15 


réflexions a 


Kv) nous permet méme 


cette distance sur un écran radio- 


scopique courant (en chambre noire). 
Nous avons examiné nos échantillons de trois 
maniéres différents: 
1) monocristal fixe en position de Bragg; 
2) succession de telles positions fixes décalées 


légérement l’une par rapport a l'autre 


dans l’intervalle angulaire de _ réflexion 
(oscillation décomposée) ; 


(3) cristal en oscillation continue. 


3. Cristal fixe en position de réflexion 


Envisageons d’abord le cas d’un cristal (en F) 


fixe en position de Bragg. Pour une famille de 
plans réflecteurs verticaux supposés rigoureusement 


paralléles, il est facile de calculer la largeur instru- 


| 

Fente 
| 
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mentale de la réflexion obtenue. Celle-ci dépend de 


istal avec Ie plan 
perpendiculaire au rayon incident moyen. 


largeur du foyer en F 


angle de la surface du c1 
la largeur spectrale de la radiation utilisée, de la 


dimension finie du foyer f, de l’épaisseur E intéres- 
sée par le rayonnement dans |l’échantillon et de la ‘ = épaisseur intéressée dans |'échantillon 
divergence verticale du faisceau. distance film-échantillon. 


Nous illustrerons le calcul général par deux 


exemples d’examen, i’un en transmission (fig. 2) et 
l'autre en réflexion (fig. 3). 


divergence verticale du faisceau 


Largeur due a l’ ouverture spectrale de 
employée 

Si nous considérons la largeut 
Ka; NOUS pouvons €crire qué 


La valeur correspondante a 


distance D s’exprime donc pat 


FIGURE 2 Largeur 
observée en transmissio1 


Don 


En réflexion (fi 


FiGuRE 3. Largeur instrument: 
observée en réflexion. 


Les notations choisies ont la 
suivante: 
¢ = 


signification 


angle de Bragg de la réflexion observée, 
a angle aigu du plan réticulaire avec la 
surface de l’échantillon 


a radiation 
ci¢ la | le 
sec 0 
AX 
/ 
/ 
D | psc, 
\ 
a 2d 
Vi, YY 2. Largeur L, due a f* 
-_ a- 6 Dans le cas de la transmission (fig. 3 
L AC sin a 4 
Or 
L, AD 
153 A ( 
+ sin (a,+ @ 
eT 
L, 
sin 
SIN (a@ 0 
sin (a + 
Rs: 3), on obtient de méme 
\t 
sin (a 6 
i. 
la 3. Largeur Le due a I f 2es 
CU Sin 20 
20 
! 
G Or. 
CG 
Sin + 0 
7 réalité, la largeur ie f ¢ é tie, due a 
la laree if spectral le la rai et mpertect 
propre d mono omateur s¢ ea oins egale a cette 
large r nat irelle peut eg lige e talit 
po ts du rovel rec t ade i ) ( ae 
différentes 
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sin 20 


(fig. 4 


Largeur due 


Soient Ry et Ry’ les pdles des rayons moyens 


horizontaux incident et réfléchi sur les plans de 


décalage azimuthal d’un rayon 


normale N. Le 
R, (Ry’ 


et faisant 


subissant la réflexion sur les mémes plans 


avet R R,’ un angle vertical de 


— peut étre représenté par 7 


On voit aisément que 


sin 6 cos 


Donc L 1 Dw"’ 


Dans le but de proposer pour la largeur instru- 


bg 0. 


mentale une seule expression valable quelle que 
soit la disposition relative du plan réflecteur, de la 
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surface de l|'échantillon et du rayon incident, nous 

avons été amenés a adopter les conventions de 

signes suivantes: 

(1) l'angle 26 mesuré a partir du faisceau réfléchi 
vers le faisceau direct est compté positivement 
dans le sens des aiguilles d'une montre. 
langle aigu a est compté positivement dans 
le sens des aiguilles d’une montre a partir du 
plan réflecteur vers la surface du cristal; 
l’angle aigu 8 est mesuré de la méme maniére a 
partir du plan perpendiculaire au rayon moyen 
vers la surface de l|’échantillon. 


Dans ces conditions on peut écrire: 


sin (@+ a 
sin (0 a+ 


sin (@—a 


sin 20 
sin (6 — a 
O)est pratique 


Ave 


ment égal a 90° et le quatriéme terme est extréme 


notre montage 


ment faible. 


Dans le cas de la transmission (a > @), les 


conditions expérimentales conduisant a une largeur 
instrumentale minimum sont réalisées lorsque a est 
les conventions adoptées) et a une 


négatif (ave 


valeur numérique voisine de (90 — 6), pour un @ 
aussi petit que possible.* 
En 
voisin de 
Dans le 


éventuelle du 


a <6) doit étre négatif et 


réflexion 


cristal réel, du fait de l’imperfection 


réseau, la normale a la famille de 


plans réflecteurs considérée peut cesser d’étre 


unique pour ¢tre remplacée par un_ véritable 
faisceau plus ou moins ouvert. Toute désorienta- 
tion azimuthale conduisant a un pareil cas, donnera 


évidemment lieu a un élargissement de la tache 


observée. La mesure de l’angle sous lequel cette 
largeur L est vue a partir de l’échantillon permettra 
en principe de trouver l’angle d’ouverture maximum 


I] 


notre dispositil, cet 


a lieu de remarquer 
L/D 


Laue focalisé, € est 


du faisceau des normales. 


qu avec angle vaut 


tandis qu’avec la méthode de 
exprimé L/2D. La différence de sensibilité qui en 
résulte n’est cependant pas trés importante car 
l'utilisation d’une radiation monochromatique con- 
duit a des temps de pose suffisamment courts pour 
permettre l’adoption de grandes distances D. 


En effet, l’existence d’un terme d’élargissement 


*On peut éventuellement songer a observer les réflexions 


* moins intenses mais conduisant a des @ plus petits. 


714 
Don 
ba k 
sin (a + 6 
/ 
| R, 
° as! 2a 
~ 
\ R/ 
| 
\ 
\ 
- 
\ 
sin (6 — — 
sin n ~ (; cos = ) tg 6 
5 


1010) d’une la 
Réflex 


5—Réflexi 
transmission 
en réflexio1 
Figure 8—Réflexio 
Fig re 


tr 


Fi re 4 Reéfle 


5 cm er 
D = 120cm 
138 cm (en réflexion 


Moxa. D = 80 cm (en 
le 3.2%. E = 0.5mm; D 


e (0.08 mm) ayant subi 
cristal mince de cuivre pur ayant subi 


lll) d 

transmissio! 9—Reéfle 
SO cm 
déformati 


une 


| 
6 7 
953 
9 10 1] 
Piate I. Fig e de quartz rodée optiquement. E = 0.33 mm: \ = Mo 
D= 220 tal d’al iftine QQ 
\ ( cristal de fer pur (99.85%) Vioxa 
D= cristal m 99 857 E=05 
lll) d m cristal d’alum 1m a 99.95¢ 
étire Figure 10—Réflex cristal d'a 
ve e (en transmissi Figure 11—Réflexion d 
mon ine déformat iccidentelle (« transmis 


73, 
12 I2b 12d 
d 
z 
13 > 
( ( 13 
14 
Fig ? Reéfle | m crist frye 1) étiré de 4° pres reve 
300° Ss reve de 12 } 1 400~¢ d s reve 1 5DD°C. D sMissio 
| 2 Q rictal i etir 3% Ost llat 1ecomp e€ et trans 
mics 2) Figure 14 | | ristal d rathne oscillat lecompose¢ 
at on trans Figure 15—Structure e tache de Bragg obte e aver monocristal d’aluminium 


LAMBOT al 


proportionnel 4 D (largeur Lo) n’exclut nullement 


la possibilité d’adopter de grandes distances 
film-échantillon. 

la comparaison de la limite sensibilité 
obtenue avec notre montage et celle caractérisant 
la technique de Guinier et Tennevin est en faveur 
de cette derniére. En fait, nous pouvons déceler une 
désorientation angulaire de vingt secondes d’arc. 

Par contre, notre dispositif permet aussi bien 
examen par réflexion que transmission 
rendant ainsi possible l'étude d’éprouvettes d'épais- 
seur quelconque. 

Il est 


variation de la distance réticulaire d d’une partie a 


évidemment possible d’objecter qu'une 
l'autre de la zone irradiée aurait également pour 
effet d’élargir la tache de Bragg correspondante. 

La distinction rigoureuse entre ces deux effets est 
extrémement difficile a priori. Néanmoins, il est 
aisé de montrer qu’avec notre dispositif, ce sont 
essentiellement les désorientations réticulaires qui 
des observés. 


sont a élargissements 


L’énergie nécessaire pour modifier d 


l’origine 


est incompar- 


ablement plus grande que celle qui est requise par 


* 


la déformation géométrique des plans du réseau 

En vue de raccorder nos observations a celles de 
Guinier et Tennevin, nous avons examiné un type 
de cristal extr¢émement parfait comme le quartz 


(fig. 5). La perfection géométrique (désorientation 


de 20 secondes maximum) se manifeste aussi bien 
par la finesse et la séparation nette du doublet 
a, et a que par la répartition uniforme de |’intensité 
sur une assez grande hauteur. 


Nous 


monocristaux 


avons que les 


d’Elam- 


Carpenter possédent une pertec tion trés élevée 


également pu constater 


préparés par la méthode 


La figure 6 reproduit une tache observée en 
sur un 
Dans le 


domaine irradié de 50u de largeur, la désorientation 


réflexion avec la seule composante xa, 


monocristal d’aluminium raffiné (99.99% 
est au maximum de 50 secondes. 
Les cristaux de fer pur préparés par la méthode 


Moufflard [5] 


registrer des raies de réflexion aussi fines et homo- 


de Lacombe et permettent d’en- 


L’échantillon de la figure 7, irradié par le 


genes. 


doublet KQ) bien séparét admet une désorien- 


+ 


tation maximum de 50 secondes.{ 


sien entendu, tous les cristaux préparés pat 


écrouissage critique ne sont pas aussi parfaits. 


*Des cristaux faiblement étirés (quelques 


donnent naissance a des élargissements qui conduiraient a 
macro 


pour cent 


des variations de d supérieures au taux d’allongement 
scopique. Pour D = 1 métre et 6 10°, une variation de 
largeur de 2 mm, peut étre rapportée a une désorientation d 


0.002 rad. ou a un = 1%. 


DESORIEN 


TATIONS R ATRES 


L’exemple de la figure 8 mérite entre autres 


d’étre retenu. Dans les deux régions extrémes en 
hauteur, la désorientation ne dépasse pas 2 minutes 
Mais ces deux parties du méme monocristal sont 
d’environ 10 


décalées l'une par rapport a l'autre 


minutes d’arc. Ces observations semblent 


nous 
devoir étre mises en paralléle avec celles de liedema 
sur la nucléation des cristaux d’aluminium obtenus 


par recristallisation [6]; le décalage angulaire entre 
les deux parties pring ipales est en accord avec les 


Mais grace a 


il est de plus possible de suivre leur raccorde- 


résultats de cet notre tech- 


auteur. 
nique, 
ment. Celui-cis’effe tue pal une rotation progressive 
des plans réticulaires. Cette rotation n'est 


pas 
minces segments dans 


continue car l’existence de 


la tache suggere la présence le petits paquets de 
plans assez partaits trés faiblement décalés les uns 
la2 


individualités. Ds 


par rapport aux autres minutes et consti 


tuant de véritables tels cas ne 


sont pas rares dans l’aluminium 


La technique proposée convient particuliére 


ment pour l'étude de la régularité géométrique du 


réseau en tonction des divers traitements mécani 


ques et thermiques que l’on peut faire subir at 
cristaux. 
Dans cet article, nous nous contenterons d 
trer ces possibilités pal q ielques exemples 
monocrist 


| heure Y se rapporte 


minium a 99.95% 
soumis a une extension de 


de la 


déformation 


réflexion refléte bier 


irradiée La désorient itiol 
minutes d’arc et le dé 
diftérentes peut 
de I’ 


devoir ¢tre rapportée a 


itteinadre 


intensité est assez 


en dehors du pl in horizont 
typique a ce 


s'agit d’un me 


ral rhnier’r ¢ 


pret poul en 


subissent d ins 


normales 
vicissitudes trés considé1 
ouverture angulaire 
Dans le 


conduisent a la 


une 


iere. plan vertical, les désorien 


normales 


d'intensités trés différentes 
tDans le Cas cle 
le dou 
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Bragg. Nous signalerons encore en passant la fine 


striation de la tache observée, 


phénoméne sur 

lequel nous nous réservons de revenir plus tard. 
Nous reproduirons encore le cas d'un monocristal 

de cuivre involontairement déformé au cours des 


manipulations de réglage sur notre dispositif 
fig. 11 

La sensibilité de notre technique est bien mise 
en évidence par l’exemple suivant. 

Un monocristal d’aluminium raffiné initialement 
1%. Le 


résultat de la déformation est visible sur la figure l2a. 


bien parfait est soumis a une traction de 


Dans cet état, l’échantillon est soumis a des 


revenus progressifs. Aprés 12 heures a 200°C., la 
décomposer en un grand 


tache commence a se 


stries minces noyées dans un fond 


diffus. Au 


s'éléy la 


nombre de 


encore assez fur et a mesure que la 


température structure interne de la 


réflexion devient de plus en plus distincte et la 


dimension des stries augmente de maniére a peu 
prés continue (voir fig. 12 

Cet aspect peut ¢tre rattaché au phénoméne de 
polygonisation au sens de Cahn [6], Guinier [7] 
etc. ... (formation d'une sous-structure a partir de 
régions courbées sous l’action de la température 


de Wo [8] 


la déformation. 


ou de la croissance des ‘‘sous-grains”’ 
résultant directement de 

Nous reviendrons plus tard sur cette question a 
la suite des remarques de Beck [9]. 

Nous signalerons simplement que notre technique 
permet de rendre cette sous-structure nettement 
visible a 200°C alors que celle de Guinier et Tenne- 
150°C raffiné 


vin » la aluminium 


99,990 


dé éle qu’a 


Ces quelques exemples donnent une idée des 


imperfections géométriques qui peuvent exister 


dans les monocristaux métalliques et passent 


pratiquement inapercues lorsqu’on s’adresse uni- 
quement aux méthodes de diffraction habituelles. 


4, Cristal en oscillation décomposée 


L’examen des cristaux en position fixe ne permet 


évidemment pas de déceler les désorientations 


dépassant la valeur de w. Mais il existe un moyen 
de prolonger la détermination des décalages de 
suffit de 


l’échantillon 


normales au dela de w. II décom poser 


l’oscillation continue de dans le 


domaine de Bragg en une série de positions dis- 


crétes et d’enregistrer séparément les rayons 


On 


ainsi pointer l’azimuth ot la réflexion commence 


réfléchis pendant les différentes poses. peut 


et celui ot elle se termine. Cet intervalle rapporté 


fournit immédiatement la valeur de la dés- 


aw 
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orientation cherchée. Ce procédé peut d’ailleurs 
étre utilisé pour déterminer un décalage inférieur a 
® Mais néanmoins pas trop petit. Il a de nouveau 
l’avantage de permettre la recherche de I|’imperfec- 
tion géométrique suivant les différents niveaux de 
la zone irradiée. 

Le cliché de la figure 13 a été obtenu avec un 


monocristal d’aluminium étiré d’environ 


Les 
différentes taches correspondent a des positions 
9 


fixes de l’échantillon décalées de 12 en 12 minutes 


dans le domaine de la réflexion. Les différentes 
régions du volume irradié ne réfléchissent pas le 
rayonnement incident pour une méme position 
fixe, ce qui montre que |’orientation des plans n’est 
pas la méme en tout point. 

La mesure de l’angle dans lequel la réflexion a 
lieu a fourni dans le cas présent, la valeur de 
2°06". 
1°10’, 
tion maximum des plans réticulaires observés est 


L’ouverture du faisceau incident étant de 


nous pouvons en déduire que la désorienta- 


de 56’ environ. La valeur obtenue a l'aide de la 


largeur d’une_ tache isolée a grande distance) 


fournit une valeur de 58’. L’accord entre les deux 
techniques est donc excellent. 

La figure 14 correspond a un cas ot la désorienta- 
tion est supérieure a w. I] importe a nouveau de 
remarquer la forme trés irréguliére des taches et la 
répartition trés inhomogéne de | 'intensité diffractée. 
10%, 


Des tractions de l’ordre de 5 a sur l’alu- 


minium donnent généralement naissance a des 


faisceaux de normales d’angle supérieur a w. Pour 
des déformations égales ou supérieures, il importe 
donc d’utiliser l’oscillation décomposée pour obtenir 
une mesure de |'imperfection totale. 

Sur ces clichés, comme sur ceux obtenus avec 
le cristal fixe, la répartition de l’intensité diffractée 
est rarement uniforme et indique ainsi une certaine 
répartition des normales en dehors du plan horizon- 


tal. 


5. Cristal en oscillation continue 


Dans le cas d’un cristal oscillant en F autour 


d'un axe vertical, on peut aisément prévoir que la 


largeur des réflexions de Bragg est fixée par 


l’ouverture w du faisceau incident. Elle est insensible 


aux faibles désorientations géométriques du réseau. 
Par 


l’intérieur d’une tache peut étre fortement influen- 


contre, la distribution de l'intensité a 


cée par ces défauts. 

Considérons, par exemple, dans le volume irradié 
une région de plans réflecteurs verticaux rigour- 
sur une certaine hauteur. 


eusement paralléles 


Supposons qu’a une autre altitude, certains de ces 


LAMBOT er DESORIENT 
plans subissent par rapport au plan moyen des dé- 
calages angulaires donnant lieu a un faisceau de 
normales uniquement horizontales. Au cours d’une 
oscillation continue d’amplitude — suffisamment 
grande, il n'y a aucun facteur géométrique suscep- 
tible d’introduire une différence d’intensité diffrac- 
tée entre les niveaux de la tache correspondant aux 
Par 


physique d’extinction peut conduire a une inten- 


deux régions considérées. contre, le facteur 


sité supérieure a l’altitude du domaine perturbé. 

D’autre part, si nous conservons le cas de plans 
réflecteurs verticaux parfaitement orientés dans 
une premi¢re région | et si nous imaginons a un 
autre niveau du volume irradié une zone II ot ces 
plans réticulaires ont une normale oblique sur 


l’horizontale, il est facile de voir que les rayons 


ceux qui sont issus de I. 


réfléchis par pourront venir se superposer a 
Par conséquent, l’intensité 
diffractée durant l’oscillation sera nettement diff- 
érente aux altitudes correspondant a | et II. 

On peut d’ailleurs prévoir la forme adoptée par 
ces zones intenses au sein des différentes taches dans 
les deux cas envisagés. 

Si, dans la zone irradiée, deux régions se distin- 
guent uniquement par des valeurs différentes du 
facteur d’extinction (avec les normales aux plans 
réflecteurs contenues dans le plan horizontal), le 
niveau qui, dans la tache de Bragg, correspond a 
la zone du pouvoir réflecteur élevé sera marqué par 
un renforcement de Il’intensité. Nous devons donc 
observer l’apparition d’une strie plus ou moins 
nette mais rigoureusement horizontale. 

Par contre, dans le cas d'une région présentant 
a une altitude différente) des normales obliques 


sur l’horizontale, le renforcement de _ l'intensité 


suivra l’hyperbole-intersection du film plan avec 
le cone des rayons réfléchis par une série de plans 
également inclinés sur l’axe de rotation. 

Ii est malheureusement impossible actuellement 
de distinguer ces aspects différents. D’ailleurs les 
deux effets peuvent se superposer en pratique. 

Pour des plans réflecteurs non verticaux, les 
deux cas envisagés se distingueront théoriquement 
en légérement 


striations hyperboles 


par des 


différentes. Encore une fois, il est impossible de 
déceler ce faible écart expérimentalement. 

Les cristaux métalliques (ainsi d’ailleurs que les 
et organiques) observés au 


cristaux muinéraux 


point de focalisation sous une épaisseur de quelques 


dixiémes de mm, donnent pratiquement toujours 


naissance a des taches striées. La figure 15 reproduit 
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une réflexion due a l’aluminium. Le nombre et la 


netteté de ces stries varient fortement suivant les 


échantillons. Certains cristaux de quartz, par 


exemple, montrent seulement une ou deux bandes 
floues trés peu contrastées pour un volume irradié 
de 0.2 


donnent généralement lieu dans les mémes condi- 


mm*. Par contre, les cristaux métalliques 
tions a des stries nombreuses et assez rares 
tel 


avec le volume irradié et lorsque ce dernier devient 


Pour un échantillon, ce nombre augmente 


suffisamment grand, les stries sont tellement 


serrées qu'il devient impossible de les distinguer, 


la tache prenant un aspect uniforme. 


L’orientation observée pour les zones de forte 


intensité est bien celle des hyperboles dont il i été 


question ci-dessus 


Cette structure fine obtenue mém«e 


cristaux assez partfaits, lique donc a nouveau 


présence d’imperfections dans le réseau. Bien que 
ne fournissant que des indications qualitatives a ce 
sensible a ce 


sujet, le pro édé est extrémement 


inisme 
yi] in) de 


les différentes parties du 


genre de défauts, étal nné le 


formation stries me il ‘n jeu le | 


par 


au cours de l’oscill 


des 


l’énergie diffractée 


reseau tion 
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TERNARY LAVES AND 


SIGMA-PHASES OF TRANSITION METALS* 


KEHSIN 


B metal of the Laves ph is€ 
phase \(B’, B’ I tals B’, 
and B lies between B’ and ” 
ion metals 


kind of substitution 1 


case the ratio changes, e 


PHASES TERNAIRES DE LAVES ET 


also be applied to the formation of the sigma-phase 


.g., ¢-MoCr2Ni 


\Bz can be replaced by a mixture of B’ and B”’, thus forming a 
B, and 
Phis kind of substitution produces many ternary Laves phases 


B’’, belong to the same period of the Periodic 


\aBpy. However, 
as compared with o-MoFe and 


and o-WCrsNi 


DU TYPE SIGMA DANS LES METAUX DE 


PRANSITION 


phase ternaire A(B’, B 


al B de la phase AB, de Laves peut étre remplacé par un mélange de B’ et B”, 
Les métaux B’ et B” appartiennent 


formant 
i la méme période de la 


tion périodique et se trouvent de part et d’autre de B. Ce genre de substitution produit de 


ises phases ternaires de 
Une substitution similaire pe 
ce cas cependant, Ie rapport ( change, 


et o-WFe 


TERNARE LAVES | 


Phase \ 
pe riodischen Systems at 


terndare Laves-Phase1 


so eine ternare B’. B 
der | bergal osmetalle 

Ei rartige Substitution kann auch 
In diesem Falle andert sich jedoch das Verhaltni 
a-MoFe 1 o-WFe verglichet 


auf die 


Introduction 


The most common intermediate phase in binary 


systems of transition metals is the Laves phase 


AB, [1] 


( losely 


which may have any one of the three 
characterized by the 

MeCup, MeZn. [2]. 
size factor was considered of 
the 


1], the electron 


related structures 
compounds VigNi 
Though the at 


and 


primary importance for stability of these 


Laves phases |3; factor ought also 


to be taken into account [5]. By studving a great 


number of ternary systems containing magnesium 


Laves and Witte [6] established the importance of 


he electron/atom ratio and found many ternary 


Laves phases with Mg as the component A. 


The recognition of the general occurrence of the 


sigma-phase of transition metals is a quite recent 


matter. 
7|. Onlv a 


position AB and no general formulacan be derived 


[his phase is isostructural with 8-uranium 


lew sigma phases occur at the com- 


to denote composition of the phase. On account of 


this, several authors have considered the sigma- 


as an electron compound [8-10], but no 
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War, 3, 


ND SIGMA-PHASEN 
Das B Metall der Laves Phase ABs kann durch eine Mischung von B’ und B” ersetzt werden 
i bilden. Die Metalle 1 

und B steht zwischen B’ 


un¢ 


Laves dans les métaux de transition 
it aussi étre appliquée a la formation de la phase sigma A,B»y. Dans 


par exemple o-MoCr2Niz et o-WCrsNi; comparés 


a-MoFe 


DER UBERGANGSMETALLI 


und 
B’, B und B ehéren derselben Gruppe des 
1 B’’. Diese Art Substitution erzeugt zahlreiche 


r Sigma-Phase A 


a-Mo CreNi 


B, angewandt werder 


ind o-WCrs Ni 


werden mit 


uncertainty about the electron configuration of the 
transition metals. 

It has been shown in a previous publication [11] 
that A metal of the n; \.B;C can be 
and A”, all 


these three metals belonging to the same period in 


( arbide 
metals A’ 


the 
replaced by a mixture ol 
the periodic table and A lying between A’ and A”’ 
CryNbsC V, Ni)sNb:C. The 
phase Al,FeNi is siostructural with the binary one 


this sort of substitution. The formation of ternary 


and 


ternary 
12], and this provides another example of 


Laves and sigma-phases of transition metals has 
been investigated by applying this principle and 
the results are presented in this paper. 

Alloys were either melted in a vacuum induction 
1000°C for 24 hours or 
at this temperature for 50 hours in 
The 


powder method. 


furnace and then heated at 
heated directly 
evacuated silica tubes. later 
X-ray Che 


experimental details have been published elsewhere 
[11]. 


phases were 


determined by an 


Laves Phases 
Binary Phases 
The binary Laves phases with Ti, Nb, Ta, or Zr 
as A and the transition metals belonging to period 
IV as B are shown in Table I. 


Geometrical consideration of these three types of 


The 
ternar) 
Pable 
Phi 
this 
ainsi 
classifica 
sa d.h. 
pase 
definite conclusion could be arrived at owing to the 


LAVES AND SIGMA-PHASI 


rABLE I 


BINARY LAVES PHASES OF TRANSITION METALS, AB 


M1 


d,/d» 


Structure- Type 


d A d B 


Structure-Type 


Structure- Type 


1.18 


MgZn 


*High-te mperature phase. The transition temperatut LO00—1 100°¢ 1375-1590 °¢ 


and 900-994°C for ZrCre [15]. 


Tlf the B metal is slightly in Met 


excess the MeNi 


then back 


from MeCue to MgZn 


Secondly, both types of rl ure 


structure of the Laves phases shows that the ideal 


atomic size ratio of the components A and B, 


d,/dz, 1s V3/2 1.225 [2;3]. This condition is same phase, but at di temper 


necessary, but not sufficient, and it cannot be used 
to predict the formation of these phases. \n obvious 
of Ni, the 
component B, to form any Laves phase with Ti, 


Nb, 1a, or ir. 


and 


serving as 


example is the inability 


stated above, | ives 


\s he rl \ | 


magnesium have been studied extensivel' 


considered that the ind coworkers. However, only three tert 


ideal 
larger, the Laves phase changes its structure from 
the MeZn 


Laves 


Berry Ravnor | as 


deviation of d4/dpz from its value becomes phases containing one transition met 


ind they 


Me(Ni, Si 


ure |6}. 


type. On the other 
the 
2.0, the 


type to the MeCu 
Witte [7] 


atom ratio increases from 0.66 to 


found that 


hand, and as 


electron The ternary 


Laves transl 


MeNi 


and 


sequence of structure types of the ternary 
phase containing Me appeared to 
(0.66-0.9), MgCus (1.1-1.7), MgNt (1.8 
MeZns (2.0). The reappearance of the MegNi type 
of structure 1.8 
was explained by Witte [16; 17] as the result of the 
filling of the second Brillouin zone of the MgNi 


and 
V or Cr, all possible 
except Ta(V, Fe 


These two phases should have the 


be: 
1.9 


ire obtained 


at an electron/atom ratio around 


structure. They may exist, and 


found by thorough investigation 


lattice. But neither of these two hypotheses can positions of the B mixture 


explain the formation of the different Laves phases It seems that the occurrence of a ternary Laves 


a general phenomenon, and survey ol 


of transition metals, owing to the following two 
facts. First, as the atomic number of B increases, 


the structure type of the Laves phase changes 


phase is 


the collected data presented in 


lable [1] 


I) gives us the following observations 


and 


Dable 
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B \ Cr a ( N ( 
\ 
1.08 1.13 1.16 1.17 18 1.15 
li 
MegCu MegZn* MeZ MeZ Met 
Nb 
Mgt MgZn Met 
a 1.10 1.14 1.17 1.18 1.19 1.19 | 1.16 
Ta 
MeCu MeZn.* VigZ MeZ T 
d,/d, 1.23 1.26 28 1.28 1.25 
Tt 
Structure-Type Me MeZ Met 
| | 
953 k to \i of l 
exist [or the 
PaCr 
Ternary Phase 
phases 0! 
are: Me(Ni, Z: Me(Co, Z1 ( 
MEMEENS)., all having the MgCu: type of sti 
Laves ph ses with | S ine \ 
tion metals of the IV perio s B 
Table II. In th 
case ol B ter! I phases 
ind Ta(V, Ni 
type 
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rABLE I] 


LAVES PHASES WITH TANTALUM AS METAL A AT 1000°C 


Binary phase Ternary phase%, . 


\B 


1.982 A 1 893. 

PaTiCo, 
8.140 A 7.909 A 
S48 A 


7.909 


Laves phases is the composition of the alloy as weighed beforehand. Owing 
metallic oxides, this composition can only be accepted as approximate. Nor 
nsidered as typical, since they vary within broad limits as the proportion of B’ and B” varies; 


t.856-4.915 A, 7.888-8.037 A. 


|. The general formula of the ternary phase is average properties similar to those of Cr, Mn, Fe, 
\ B’. a 9 and it has the same type ot structure as or Co, respectively. 
\Bs, where B lies between B’ and B”. In other !. The same phase A(B’, B’’). can have either 
words, the mixture of B’ and B” has average the MgZn. type or the MgCue type of structure, 
properties essentially very similar to those of B. depending upon the proportion of B’ to B” in the 
2. There are three cases of genuine, ternary B mixtures, e.g., Ta(V, Cu)s. As the proportion ol 
l.e., existing separately from binary Laves phases) Cu in the mixture (V, Cu) increases, the average 
Laves phases A(B’, B’’). according to their relations properties of this mixture vary from those of Cr to 
to the corresponding binary phases AB.’ and AB,”’.. Mn and Fe, and then to Co. The resulting structure 
None of the phases AB,’ or AB,” exists; of the ternary Laves phase would change from 
e.g., Ta(V, Ni)e. MgCus to MgZne type and then back to MgCun. 
One of the phases AB,’ or AB,” exists, but The change from MgCus to MgZns has not been 
the ternary phase has a different type of discovered vet, but it may occur at the vanadium 
structure; e.g., Ta(Fe, Ni)o and Ta(V, Co)s. end of the (V, Cu) mixture. 
30th phases AB,’ and AB,” exist, but the 5. Titanium can serve as the component A in 


ternary phase has a different type of forming binary Laves phases, but it can also serve 


structure; e.g., Ta(Cr, Co)e. as one of the B components of the ternary phases, 
3. If the B’ component is vanadium, the ternary e.g., Ta(Ti, Co)» 

Laves phase also changes its type of structure from Experiments have also been made to investigate 
VMegCups to MegZnz and then back to MeCus as the the possibility of using Ti, Nb, or Zr as the A 
itomic number of B” increases, in a similar manner component to form the ternary Laves_ phases. 
to the structural changes in the binary phases in Nb, like Ta, forms a great number of ternary 
Table I. This may perhaps imply that the mixtures Laves phases with different mixtures of B compo- 
V, Mn), (V, Co), (V, Ni), or (V, Cu) have nents. No ternary phase containing Ti as the A 


722 
Structur 
B Ti B’ \ B’ Cr B’ Fe 
MeCus TaCre, a 6.979 A PaV,.sMno.s, 
cubi 1 7.008 A 
] t. S06 A a 1.856 A 
TaMn CaCrCo, 
7.952 A ( 7.952 A 
t.856 A 
TaVNi TaCrN 
hexagt i A 7.888 A 
tS16A 5.032 A 1 A 
Dake PaCr;.sCu 
= 7.268 A 8.206 A 7.927 A 
MegCus a 6.735 A raVCu, laFeNi, 
cubi l 7.L1S A 1 6.717 A 
*The composition given for t 
can the lattice constants be QB | 
e.g., for Ta(Cr, Co)s, 195 


LAVES 


component has been found (in experiments with the 
compositions: TiV Ni, TiCrCo, TiFeNi, and TiVCo 
However, the author's work has not been extensive 
enough to exclude definitely the possibility of Ti 
forming ternary Laves phases. 

Zr has only been investigated in a few isolated 
cases. Both ZrFe. [1] and ZrMo, [18] are known to 
have the MgCup, type of structure, but the ternary 
phase Zr( Mo, Fe)s, like ZrM no, is isomorphous with 
MegZne. This indicates that the B component, at 
least in the case of A Zr, is not necessarily an 
element of period IV. 

The above-mentioned experimental work seems 
to favour the electron compound hypothesis, since 
a mixture of V (atomic radius 1.36 A for coordina- 
tion number 12) and Cu (1.28 A) cannot have the 
mean radius of Mn (1.27 A), Fe (1.26 A), of Co 
(1.25 A). The fact that the Laves phase Ta(V, Cu 
exists and has a structure isomorphous with TaMn., 
(TaFes) or TaCo. may be regarded as evidence for 
the electron compound character of the Laves 
phases. 


At 


hoped to obtain some idea about 


this investigation it 
the 


the beginning of was 
electron 
configuration of the transition metals by studying 
the composition limits of the MgCus and MgZn 
types of structure in the various ternary Laves 
phases. However, owing to the presence of other 
phases, it is impossible to obtain exact composition 
data for these ternary phases. The main impurity 
oxides of the general formula 


Nb, Ta, and B being Mn, Fe, 


; 20], formed by the reaction between 


is the metallic 
A;B;0, A being Ti, 
Co, or Ni [19 
the metal powder and the refractory crucible or 


the silica tube. 


Sigma- Phases 


The binary sigma phases of the transition metals 
are summarized in Table III. Owing to the varia- 
tion in composition, this phase is denoted as 
A,B,. The sigma-phase is a low-temperature phase 
if one component is Cr or V, and a high-tempera- 
ture phase if one component is Mo or W. (o-CrFe 
is stable 810°C o-VFe 1240°C 


while o-MoFe only is stable above 1180°C. 


below and below 
Despite the great interest recently devoted to the 


sigma-phases, only one 
ternary o-MoCroNiv, 


no other significance than to show the approxi- 


formation of genuine 


phase, (this formula has 
mate composition of this phase) has been reported 
[22; 23]. It has a narrow composition range and a 
wide temperature range of stability. 


Owing to the similarity in chemical behaviour 


AND SIGMA-PHASI 


PABLI 


BINARY SYSTEMS CONTAINING SIG) 


LINES ]OINING THI 


irom the two @a pi 
W-Fe 
Sully [8 


systems 


of Mo and W, it 


sigma-phase may also exist in the system W-Cr-Ni 


Was suspected that i ternary 


This led to the confirmation of the existence of the 
o-WCrsNis. It also has a narrow composition range 


the 


powder photograph 


and a wide temperature range of stability 
the X-ray 
a tetragonal lattice with a 
1.599-4.621A. These 
those of -Crke 


than those 


observed lines of 
be indexed on 
8.945 A 
mensions are 
lattice (8.799 and 4.546 A) but smaller 
of the g-MoCroNio (9.101 and 4.722 A 
fact is due to the smaller percentage ol W relative 
to Mo in 
Some 


can 


8.90] and 


larger than the o 


Chis latter 


the respective ternary sigma-phases 


angle 


110, 301, 


It may perhaps be concluded from the existence 


small reflections not noticed 


weak 


before, such as and 310, were observed 


of these two ternary sigma-phases that mixture 


of Cr and Ni has mean properties similar to those 


of Fe or Co, a phenomenon analogous to that of 


the formation of the ternary Laves ph ises. How- 


ever, in the latter case the ternary 


phase thus 


obtained has a constant general formula AB 


In the formation of si -phase, the substitution 
of (Cr, Ni 
from AB to AB; 
W as A). 


Efforts were made to use |i, Zr, 


Oma 
for ke or Co changes the compositi 
with Mo as A) or AB with 


Nb. o1 is 


the component A, but no binary or ternary sigma- 
phase was obtained. It is perhaps of interest to note 
that with the exception of W, no single A compo- 
nent forms both Laves and sigma-phases. Accord- 
ing to Arnfelt and Westgren [24] WFe, is isostruc- 
tural with MgZno, but ts only 1040°C 


while the o-WFe is only stable above this tempera- 


stable below 


ture [21]. This gives the impression that the forma- 
tion of one of these kinds of phases excludes the 


possibility of the other’s formation. Together, they 


KUO: TERNARY BR 723 
| 
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Ti V ir Mn Fe Co Ni 
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re we | } 


tor! 


ACTA METALLURGICA, 


n the two largest families of intermediate 


phases of transition metals. 


and 


Tec 
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ORDER-DISORDER IN Cu-Au ALLOYS. 
I. SHORT-RANGE ORDER IN AN ALLOY CONTAINING 23 ATOMIC 
PER CENT Au* 


H. SUTCLIFFE} and F. E. JAUMOT, Jr.t 


Short-range order parameters have been measut 
crystal of a Cu-Au alloy containing 23 atomic per c 
intensity have been made throughout the recipro 
three-dimensional Fouriet analvsis Short range ord 
surrounding a given atom for three temperatures aboy 
are computed from a relation given by Cowley. These res 
reported for the alloy CusAu 


LA TRANSFORMATION ORDRE-DESORDRE DANS LES ALLIAGES (¢ ORDRE A 
PETITE DISTANCE DANS UN ALLIAGE CONTENANT 23 POUR-CENT d I \TOMES 


Les paramétres de l’ordre a petite distanc 
23 pour-cent d’Au en atomes, ont été mesurés a 
de l’intensité du fond diffus ont été faites s 


étudiées au moyen d'une analyse de Fourier 
distance sont donnés pour les dix premiét 
tures différentes, au-dessus de la tempét 
d’apré sla relation donnée par ( owley. Ces 1 
ment pour l’alliage CusAu. 


DER ORDNUNGSGRAD IN Cu-Au LEGIERUNGEN. I. NAHEORDNUNG 
LEGIERUNG MIT 23 ATOMPROZENT Au 
Die Naheordnungskoeffizienten wurden réntgenographisch 
Legierung mit 23 Atomprozent Au gemessen. Die Intensita 
der gesamten Elementarzelle des reziproken Gitters 
Fourieranalyse analysiert. Die Parameter der Naheord 
der kritischen Temperatur und fiir die ersten zehn Schaler 
Wechselwirkungsenergien werden nach einer von Cowle\ 
Resultate werden mit den friiher fiir u_ver6ffentlicht 


Introduction 


X-ray measurements of short-range order in the 


alloy Cuz;Au have been made previously, using 
| 


powder samples and film techniques [1] and 


Geiger-counter spectrometer techniques [2]. A [he short-range order parameter is defined by 
recent theory of short-range order 3] predic ts that 
the short-range order parameters defined have . P 
maximum values at the 50-50 atomic per cent 
composition. Thus, considerable interest is attached Here, Pim, is the probability that an atom with 
to measurement of this short-range order parameter coordinates /, m, n with respect to a B atom 
for compositions other than the stoichiometric \ atom; m, and mz, are the fractions ot 
composition. As an integral part of a study of A and B; f, and fg, are the respective 
order-disorder in alloys, we have measured the — scattering factors; V is the total number of 
short-range order present at temperatures above jj, ho, hs are continuous coordinates 
the critical temperature, in a single crystal of — space. 
Cu-Au alloy containing 23 atomic per cent Au. Thus, from equation , the corrected short 
range order intensity, Jp’, can be represented by 
a three-dimensional Fourier series, and is a period 
It has been shown [4] that the X-ray diffuse- function with periods which are double the 
scattering due to short-range order can be written reciprocal vector lengths. The a)», are coefficients 
as: of the Fourier series and can be evaluated by the 


usual integration over a unit cell. In practice, 
*Received June 28, 1953 
tRandal Morgan Laboratory of Physics, University of , 
Pennsylvania; present address: The Philco Corporation, large number of points throughout the reciprocal 
Philadelphia, Pennsylvania 
tRandal Morgan Laboratory of Physics, University of : 
Pennsylvania. Because the unit cell has a center of symmetry in 
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instead of an integration, a summation over a 


unit cell is considered a satisfactory approximation. 


C, 

b X-ra liliractio met! 
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ee onocristal d illiage ( \ ( 
moven de la diffraction des ra X. Des mesure 
toute l’étendue de la maille du réseau réciproaque, « 
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the case under consideration, the exponential 


may be replaced by a cosine function. Thus we can 


express the short-range order parameters as: 


=K> >> Ip’cos 


lhy+mho+nhs;) 


where K is a normalizing constant given by: 
LL I'=1. 


The ¢ oefficients, a , prov ide us with convenient 


order parameters, as has been dis- 
cussed in detail by Cowley [2; 3]. 
A single crystal of Cu-Au, 3 inch in diameter and 


Au, 


was grown im vacuo, in a Bridgeman-type furnace 


short-range 


inch long, containing 23 atomic per ce 
| h | taining 23 atom nt 


with a_ specially 
(100 


means ol 


[5]. The crystal was oriented 


designed mount and cut parallel to the 
plane. Final 
back-reflection Laue patterns. Atter polishing and 
the crystal was annealed for 48 hours at 
875°C, 24 600°C, 24 hours at 400°C, 
200 hours at 360°C, and 300 hours at 300°C. 

The experimental technique used was essentially 


that described by Cowley [2]. Copper A, radiation, 


orientation was made by 


etching, 
hours at 


a bent quartz crystal fell on 
the diffracted 


monochromated by 
a (100 the crystal and 
radiation was measured with a Geiger counter. 
The 


beams 


face of 


and secondary 
The 


furnace 


divergence of the primary 


) 


was about 2.3 degrees. crvstal was 


sample 
the 


mounted in a combined and 


mount so that 
motion of the crystal permitted scanning through 


three degrees of freedom in 


any desired portion of reciprocal space, while 


the primary and diffracted beams maintained 


equal angles with the face of the crystal. The 


nichrome winding of the furnace was immediately, 


behind the crvstal, allowing all measurements to 


A continuous flow of 


the 


be made at temperature. 
maintained through cavity 


nickel shield which surrounded the 


hydrogen was 
formed by the 
sample. 

The 
points contained within ] 
the entire unit cell built up from these intensities 


900 


32 of the unit cell, and 


diffuse-intensities were measured at 


by use of the center of symmetry and the planes 
cell of a 
was a cubic net 


the unit face-centered 
cubic material. The final 


of intensity values containing 8000 points, with 


of symmetry in 
result 
cube axes fy, ho, and hz. 
the 
addition to 


diffracted intensity 


short-range order 


In general observed 


contains, in the 


diffuse intensity, sharp crystalline reflections 


due to scattering of the half-wavelength radiation 
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VGu.. 


monochromator, as well as the 


by the quartz 


normal Bragg reflections, Compton-modified scat- 
tering, fluorescence radiation, temperature diffuse 
scattering, and fluctuations in the background radi- 
All but the last 
the manner 


ation due to a 
three of these were corrected for in 
described by Cowley [: 

An attempt was made to eliminate air-scattering 
by placing one ;,-inch lead sheet perpendicular 
to the sample face with its edge less than !} inch 
fixed 

the 


from the sample. Another lead sheet was 


to the side of the counter-holder nearest 


X-ray 


The remaining air-scattering, 


tube and extended toward the sample. 


which was small, 


was measured by removing the crystal. 
In order to correct for the temperature-diffuse 


scattering, measurements of the scattered in- 


tensity were made at temperatures above room 


temperature (300°C), at room temperature (25°C 
(—150°C). 


at the same points as 


below room These 


and temperature 


measurements were made 
the actual data except that they 


every other position instead of every one. In order 


were taken at 
to make these measurements as independent of 
the 
a temperature ol 


short-range order as_ possible, crystal was 
“ordered”’ by maintaining it at 
375°C for 100 hours and then cooling it slowly to 
approximately 300°C. Then the amount of long- 
range order was large, but the contribution of the 
short-range order small. After measurements were 
completed at the higher temperature, the sample 
room temperature by 


Was cooled 


quickly to 
passing hydrogen, in large quantities, through the 
furnace so that the short-range order contribution 
would not be changed appreciably, but the temper- 
would be considerably 


ature-diffuse scattering 


reduced. Finally, the low temperature was achieved 
by passing liquid air over the rear of the furnace 
while simultaneously forcing cold dry nitrogen 
over the nickel foil shield surrounding the sample 
to prevent formation of ice. The hydrogen flow 
through the furnace was kept constant for all 


measurements. Using these measurements and 
assuming a linear dependence for the temperature 
scattering, the effect was extrapolated out. 
The distribution of the ie 
found to be similar to that reported by Cowley [2]. 


Figure | is a contour plot of the scattering power 


intensities, was 


*A difference in atomic sizes of the constituent atoms in 
an alloy has been shown [6] to make an additional contribution 
to the diffuse scattered radiation. The presence of a ‘‘size- 
effect’’ can be detected by a difference in the depths of the 
valleys on either side of a principal reflection (see [6 
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322 been obtained for values of /, m, n as high 
7, ¢, 7). However, since the relative error 
comes quite large for large values of /, m, n 
consequently the a@ become meaningless, 
values are being reported only to Q4 
Table | gives the values for the a; for \ ilues « 


from one to ten, tor the three tempel! itures 404°( 


VALUES OF SHORT-RANGI 
Cu-Al ALLOY CONTAININ( 


300 


FiGURE 1. Contour plot of the scattering powel! 
short-range order in the (3,,/) | in arbitrary unit 


due to short-range order, in arbitrary units, in a 
plane bisecting the reciprocal lattice unit cell. 
The indices given in the figure are the usual 
indices h, k, /. The disk-like character of the diffuse 
maxima, previously reported [2], is clearly indicated. 
Here, 
of atoms surrounding tl 


Results shell 


The symmetry of the cosine function in equation — included in the table ar 
(3) was not the same as the symmetry of 7,’ c;, the values of a; for 
throughout the unit cell, but the summation of the and the coordinates of 
product was equal in two halves of the unit cell. the 7th shell, referred to 


Consequently, it was necessary to sum the function — face-centered cubi 


only over the 4000 points contained in half the 


| Discussion of Results 
One would expect that the distribution of J,’ he short-range order p 

would be symmetrical throughout the unit cell temperature in all cases, 

with respect to 4, hs, hs. However, it turned out general, the tendency 

that this symmetry was not realized. That is, increasing distance tre 

values Ol AI» for various permutations of the Cases except the 6th 

l, m, and n were not equal. This asymmetry temperature, all have 

probably arose from experimental errors, most ‘rtect order. The 

probably in the correction for temperature 

diffuse scattering. The asymmetry could have been 

caused by failing to correct for a ‘size effect,’’ 

which appeared experimentally to be negligible illoy [2], as predicted 

If the latter were the case, a weighted average Ol l his work 

values of @jm», for various permutations of the /, somewhat uncertai ert 

m, n would correct for it. In any case, such an ot error was the correct! 

average would tend to reduce the error, and was factors other than short-1 

made for all azn. The absolute differences in the the correction for tempe1 

a),, were small, although for the higher values \ rough estimate of th 


of |, m, the percentage differences became as parth on the 


high as 20 per cent calculable error 


From the number of experimental intensities leads us to believe 


available tor the calculations, the a could have does not exceed 
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nd possibly 30 cent for the more distant 


| per 


which have smaller values of a 
that, 


shells, 


as mentioned above although the 


tendency is for the a to behave as if 


short-range order were the predominating mechan- 


sm. there are deviations from this behavior. 


For example, as is larger than ag, and for 7 odd, 


Furthermore, while the a 


the 


larger than a 


Is 


have, for the most part, same sign at the 


experimental temperatures as for perfect order, 


we have as and ay with reversed signs at 525°C 


Both C\ ; ol deviations were explained by 


Cowley [2] in terms of a ‘“‘liquid-like’’ arrangement 
of atoms about the origin atom. By plotting the 
atoms in a monatomic 


radial distribution of 


liquid on the same plot as the detect ot copper 


atoms in a given shell, he was able to show com- 
agreement with his experimental 
Au alloy. The data we 
per cent Au alloy 


( ‘OW ley 


paratively, 


data on a 29 per cent 
) 


obtained for a 23 atomi do not 


show the effect nearly so stronel\ as 
This is evident in Figures 2 and 3 where we have 


plotted the copper atoms in detect in a gciven shell 

the the 
. We have also included (dotted 
fitted at 


function ol distance from origin 


Dey = 0.77 Cia 
curve) the 
the first shell. There is some tendency to a “‘liquid- 


is a 


radial distribution function 


like’’ behavior, particularly at the higher temper- 


atures. However, compared with the data on a 
sample of stoichiometric composition [2], the 23 
toward 


called 


per cent Au sample shows a_ tendency 


what one would expect if what might be 


‘‘medium-range’’ order were present. 
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atoms about an Au 


\u atom 


Defect of Cu 
ym. the 


atom 


tance f1 


Cowley [3] has related the a 


and the interaction 


energy, |’,,;, between an atom in the /th shell 


and one in the /th shell, through the expression: 


V 


the absolute temperature, k is Boltzmann's 


T is 


constant and the other quantities have been 


defined above. 
rz can be calculated. 


Thus, knowing the a;, the V 


If we choose a civen atom (Say a geold atom) as 
atom, we can 


the 


put ‘>, — V;, where 7 is 
the J/th 


have 


origin 


number of shell in which atom 
Che 
calculated for the first 
V,, V 


obtained are 


the 


appears. interaction energies been 


three shells, assuming that 
are appre iable. The values 


13k, and V3 = 65k, 


and V 
394k, V.= 


per atom. 


only 


in units of energy 


The value of V., should be considered more 
uncertain 


than V,; or |] since its magnitude is 
very sensitive to the values of a;, and the coefficient 
of V 


a; with 7 large, 


in equation (4) contains a predominance of 
and it is these a; which probably 
have the greatest error. 

The magnitudes and signs of the V; are of some 
interest. In general, a positive sign would indicate 
a tendency to unlike pairs of atoms and a negative 


sign would indicate segregation of like atoms 


shells 


first nearest neighbors, the relative values of the 


However, when one considers bevond the 
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rABLE II 


COMPARISON OF THE NUMBER OF Cu ATOMS, AND THE Nt MBER OF ( \TOMS IN DEFECT IN A GIVEN S 


interaction energies of like pairs Fie: Wat Cowley’s data in Table IT] Notice j part 
BB Ale < particul 


as well as unlike pairs (V4), must be considered that although the difference j nitudes « 
Also the variation of the interactions with distance 
rABLI 
one should expect a partic ular sign for V in spite POR vat 
\ I RATT 
[TEMPERA 


becomes important. Thus, it is not obvious that 


of the fact that a tendency to order leads to the 
first shell about an Au atom at the origin being 
Cu-rich, the second Au-rich, and the third Cu- 
rich. Certainly, one would expect I’, to be positive 
large compared to V and Vz. \t the same 


and 
time, lacking detailed information on the individual 


interactions, a positive value for V» is not un- 
reasonable, nor is the fact that V apparently has a 
larger magnitude than V 

The average number of « opper atoms in a given 


shell about an origin atom can be calculated from 
- a;). The value of n tor the 


= 
first six shells are given in TableIlI for the cases 

of disorder, perfect order, 404°C, and 525°C. a; for the 23 and 25 atomi 
\lso included are the number of copper atoms in 
order, 404°C, and 525% he From the data 
puted values of the |] id tound 


J 34k and V LUA \lthough we have 


not large, there is a chang ol 
detect at pertec im , Cowle 
last two columns, labeled percentage of perject order, 


are simply the percentage ratios of the copper 
atoms in defect at the temperatures given, to the relative agreement in magnitude, V2 and | 
defect at perfect order. of opposite sign from that found 

[It is obvious from the table that there is con- work. 
siderable tendency to short-range order even at the Cowley [3] relates the | 
higher temperature. Also, we see evidence of a_ ature, I’., tor the stoichiometri 
tendency to a “liquid-like” distribution. That is, the relation 
shell 3 shows an inconsistently small amount of 
order, while shell 5 shows an abnormally large 2V 
amount. Shell 6 at 525°C actually shows the 


liquid-like tendency to such an extent it exhibits Using this relation we have calculated 7. using 


values of the V; obtained from Cowlevy’s data and 
the present data. We find 7 284°C and 417°C 


respectively. The experimental value is generally 


less than zero order, or a negative order. It should 
be repeated, however, that this tendency is less 


than that found in a 25 atomic per cent Au 


sample [2]. 
For more specific comparison with the results 


given as 290° to 396°C ing a somewhat 
different formula for 7. for the casé¢ 


on the 25 per cent alloy, we have reproduced alloys [3], we find for the 23 per cent 


ee CuAt ALLOYS 729 
Au Atom 
Copper aton lefec Pe verfect 
r’t 
Perfect Perfect 
i ( Disorder order 104°C 525°( order 104°C 925°C 104°C 925°C 
l 12 9.24 12 10.50 10.20 2.76 1.34 0.96 18.59 44. 89 
2 6 t. 62 0.48 3.79 21 +4 14 L-() 83 L() 4 20.0 9 9 
3 24 18.48 24 18.83 18.61 5.52 0.35 0.13 6.3 2 4 
12 Q 24 0.96 8.56 9 04 LS IS L() G8 L() 2) 9 4 
5 24 18.48 24 19.24 IS.81 5.52 0.76 0.33 13.8 6 
6 6.16 0.64 5.94 6.17 52 L() 29 0.0 0 
of the 
0 0.3 
0.3 009 0 ) 0.02 
) 0 0.0 0.04 ) 
7 
8 0 4 
\ 
S iples is 
COM 
re 
resent 
alloy: 7 
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149°C from Cowlevy’s data and 311°C from the 


present data. The experimental value appears to 


be approximately 386°C {7 
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ON THE NUCLEAR MAGNETIC RESONANCE IN METALS 
AND ALLOYS* 


N. BLOEMBERGEN and T. J. ROWLAND} 


lhe shift of the nuclear resonance and the line width has been measured in a- and 6-tin, thallium 
lead and several alloys. While gray tin has no shift relative to the resonance in insulating compounds 
white tin has an anisotropic shift of 0.79 per cent along the tetragonal axis and 0.74 per cent perpendi 
cular to it. A theory for the anisotropy and asymmetry of the observed line is give 
Thallium has an anomalously broad resonance line with a shift of 1.54 per t. In thallium 
the shift varies continuously with composition i: I 
transitions occur. A maximum shift of 2.1 per ce 
structure exhibits a negative shift of 1.0 per ce 
Quadrupolar effects are important when the 
resonance in pure Copper Can be 1n¢ reased by 1 
a-brass and copper-silver the tensity decre ises 
25 per cent zine the copper resonance bec omes 
o! quadrupole interaction and Ca 
atom scale the illoy 


SUR LA RESONANCE NUCLEAIRE MAGNETIQUE DANS DES MI 


Le déplacement de la resonal t l’élargisseme t cle 
le thallium, le plomb et dans quelques alliages. | 
ilor 


la résonance dans des composes isola 


0,79 pour ce t le lor de | ixe tetragol!l 


théorie de l'a isotropt ymetric 
Le thallium a une raie 

Dans les alliages de thalli 

chaque phase Sl 

maximum de 2,1 

1,0 pour cent caractérise | 
Les effets quadrupolaire 
ince du cuivre p 

comni¢ 
termes ¢ tera 

i échelle 


ZUR KERNMAGNETISC LXESONANZ IN MI 


Die Verschiebung der Kernreso 
ind einige Legier ingen gemesst 
Verbindunger keine Verschiebu 
0,79 proze t langs der tetra ile 
der Anisotropi ind Asymmetri 

Phalliu inomal breit 
Thalli imlegierung 1 dert Si¢ h | 


eder Phase 


Kupfe rresol 
dert werdet 
Zink Silberg 
ten. Diese Ersche 


li he n Riic hliisse 


position of the resonance lin the width 


1. Introduction ind the spin-lattice relaxation time 
Nuclear magnetic resonance experiments have It was discovered by Knight [1] that the re 


ul 


already vielded some interesting information on the  trequency in metals is higher than for nuclei 


electronic structure and _ self-diffusion in metals. same isotope in an insulating material 

Che three main sources of information from nuclear magnetic field. The effect is caused by 

resonance about the structure of matter are the held produced by the conduction electrons 
first shown by Townes [2]. The internal field 


*The research was supported jointly by the ONR, Si il duced at the position ol the nuclei is much large 
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than might he anticipated irom the electron 
| 


xX ET ALLIAGES 
t éte iesures da et 
pas de dép ement pat nnort 
| i i dép icerme pe cle 
de la ervee est ee 
ri ( large et déplacem«e | 54 pour 
es a ce e phast deplaceme 
lliage Tl-Mg. alors dép! 
Nia] 
ints ¢ ind cle e | te téedelar 
ee par ret t et ee par ive, |) le lliag 
53 
| UND LEGIERUNGEN 
z und die | enbreit I dpZ lium, B 
hre es Z Verel r Re 1erende 
\chse 10.74 prozent s¢ recht d | eine The ‘ 
beobachtete | e ent elt 
Verschiel t er] 1er el 
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Let the 


with a 


the function. 


value for an 


S-wave character of wave 


expectation electron wave 


vector k near the Fermi level, to be at the nucleus 


in the metal, be given by 


We met (0) |" *.|Watom(O 


Here Wmer is the metallic wave function normalized 


to unity over one atomic volume V9, Watom (0) is the 


itomic wave function where the conduction electron 


is supposed to be in an S-state outside a closed 
shell 


an S-state |5 


[he hyperfine interaction in the free atom in 


is given by 


where the hyperfine structure constant is propor- 
In the metal only 28H) V)N(Epr 
have unbalanced 
FA). 
is the Bohr magneton and N(F,) is 
the 


tional to Watom (0 


conduction electrons per atom 


with magnetic moments parallel to 


spins, 
Here 6 = we 
the 


unit 


density of states, number of states per 


volume and per unit energy interval, at the 


Fermi level. For a free-electron gas 


In the metal the nuclear spin and the electron spin 
will always be decoupled due to the strong inter- 
action between conduction electrons. For a nuclear 
spin transition A.\/ 1, the interaction energy 


with the electron spins changes by an amount 


yh AH = hAv = BH) VoN(E)CA. 


Here @ is a suitable average ol C; Over the Fermi 
surface, y is the nuclear gyromagnetic ratio, yhI = uy 
is the maximum value of the z-component of the 
nuclear magnetic moment. The relative Knight shift 


can thus be written in the form 


AH Av 


AV oN(E 


lagnetic susceptibility measurements, the value of 


is known from electronic specific heat or 


determined experimentally from the 
observed Knight shift and compared with theoretical 
values. One would expect the values of C to be of 
as the metallic wave function 


the order of unity, 


near the Fermi level will usually still have a large 
percentage of S-wave character and the renormaliza- 
tion factor should not change the order of magnitude 

t|. The observed values of Av/vp are in agreement 


with the expectation and range from 0.026 per cent 


for Li to 1.54 per cent for thallium, the largest value 


reported so far for any element. This is, of course, 
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directly related with the large value of atomic 


hyperfine splitting for this heavy element. 
The rélaxation time in metals has been discussed 


theoretically by Heitler and Teller [5], Korringa 


Overhauser [7], has been studied 
8], Poulis [9] and 


the off-diagonal 


6] and and 
experimentally by Bloembergen 
Rollin [10]. It 


components ol 


is determined by 


the nuclear spin-electron spin 
interaction. In the fundamental process these spins 


Am, = 1. The bal- 
ance of energy + h (Ye: — yv)Ho is taken up by a 


flip simultaneously Am, 


change in wave number of the conduction electron. 
Only the 


such a 


electrons near Fermi level can take up 


small amount of energy. The probability 
for the process is therefore proportional to kT and 
the complete theoretical expression for the relaxation 


time 7); is 


T, h 


From equations (3) and (4) follows Korringa’s 


between the line shift and the relaxation 


only 


relation 


time 


approximately 
added to the 


describing 


The relation equation (5) is 
fulfilled. Another 


right-hand 


term should be 


side of equation (4 the 
interaction of the nuclear spin with the nonspheri- 
cally symmetrical part of the electronic motion. 


The complete Hamiltonian for the nuclear spin 


interaction with the conduction electrons is 
S(r 


6 (r) — 


Here r is the radius vector of the electron with the 
nucleus at the origin. 

The first term is the point interaction discussed 
before. The second term represents the interaction 
of the nuclear spin with the electron spin, the third 
term with the electron orbit, the last term is the 
quadrupole interaction, not included in Korringa’s 
paper. To find the matrix elements the terms of the 
Hamiltonian must be integrated over the multi- 
electron wave function of the metal. In our approxi- 
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mation we integrate over a one-electron wave func- 
tion 


The orbital angular momentum p in the metal is 


and then sum over all wave numbers k 
quenched. There is no preference for a left- or right- 
handed motion of the electrons, and this interaction 
will not contribute to the Knight shift in a first 
approximation. The spin-spin interaction, the second 
term on the right side of equation (6), will make a 


contribution in a noncubic crystal. The effect will 
depend on the angle of the crystalline axes and the 
external field, and the average for a polycry stalline 
specimen will be zero. This anistropy of the Knight 
shift will be discussed in detail in section 5 below. 
It leads to a spurious broadening and asymmetry 
of the line in polycrystalline material, which is 
proportional to the external magnetic field. If the 
crystal is noncubic and if the nuclear spin J > 1, 
the last term does not vanish. In polycrystalline 
material the quadrupole interaction will give ris 
to a broadening of the line which will be discussed 
more fully in section 2. Clearly the complete quadru 
pole interaction also includes the effect of nuclear 


electrons. All 


inhomogeneous electri 


these 


held 


nonconduction 
the 


charges and 
contributions to 
can be lumped together in dis¢ ussing the line pe sition 
and broadening. 

The contribution of the Hamiltonian equation (6 
to the 
For the Bloch-type one-electron 


y; and y 


must be squared, averaged over the Fermi distribu- 


relaxation time has a different character. 


wave functions 


, non-diagonal elements of the ty pe M.| 


tion and multiplied by the density of final states to 
obtain the total transition probability. The contribu- 


tion of the last three terms is now nonvanishing 


the individual 


this 


Wave 
Chis 
has to be added to the right-hand side of 
the should be 


shorter than that calculated from equation (5 


even in cubic crystals, since 
function 


result 


does not have svmmetry. 


equation (4 and relaxation time 


the case |11 
the 


to be 


tail of 


This has been found generally, 
Since the 


distribution will be able to take up the small amount 


only electrons near Fermi 
of energy of the processes involved, the transition 
probability will remain proportional to the absolute 
the external field, 


Che 


Korringa relation should be more closely obeyed, 


temperature and independent o 


even if the complete Hamiltonian is used. 


the more dominant the S-wave character of the one- 
electron wave functions near the Fermi level. 


The inverse proportionality between 7), and 7 


has been established rather satisfactorily in a num- 
ber of cases, although a notable exception is presented 


by Cesium at high temperatures [11]. There is no 
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. 
\Vlore 


cle Sil ible 


confirmation that 7); is independent of //». In 
results by Poulis 
data on the dependencs of 7 ire 


Deviations from the theoretical behavior 


lew indicate otherwise 


equations 


t) and (5)]| could be attributed to correlation and 


exchange eliects, omitted in the one-electron ip 


proximation It is not clear how the eftective density 


of ‘‘one-electron states’? could depend ver\ 


on or 


is taken into account 


even if the interaction between electrons 


ndeed 


Che « xperimentallh observed shifts are 


proportion i] to Tl ind seem To he indepe nae nt ot 


i 


except for a small and rather trivial volume effect 


rhe 


dipolar 


‘termined bi th 


line width 


interaction 


ne h in 


( 1used by the 


moment of line du 


interaction in aq powder! 


The summation extends ¢ 


the crvstal, the summation includes 


nuclei. Gutowski [11] has shown that 


higher tem pel! itures the contribution 


tion mechanism to the width amoun 


is important. In that « 


proportionally with the temperature 
mechanism will nearl 

mining factor above the 

state the dipolar interact 


) 
iveraged over the Brown il 


to a very small value 


width has been observed 


lith in in 


ture in the solid metals lithium 
the self-diffusion becomes sufhcienth 
13]. This phenomenon is enti 

motional 


1 
be expected to occur in other me 


narrowing occurring 


melting point. It gives information 


diffusion as function ot temper! 


elementary jumping of the 


pro CSS 


frequency large 


seems profitable to extend the observ 


width and relaxation time to 


order to gather information about 


states and electroni structure in these systems 


In the next section we shall discuss the importanc« 
stems 


of quadrupole interaction in ; Vv si 


difficulties presented by it 
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The equipment consisted of a Pound-lKnight- 
Watkins type of radiofrequency spectrometer [14; 
15] and a permanent magnet with a field near 6000 
gauss in a 14-inch gap, the diameter of the pole 
faces being 4 inches. The field was calibrated by the 
proton or Li’ resonance in an aqueous solution of 
LiCl. 


by the samples was less than 0.4 gauss, or negligible 


The inhomogeneity in the volume occupied 
compared to the width of most resonances described 
in this paper. Che field in the gap Was found to vary 
with temperature, about —1.3 gauss per °C, prob- 
ably due to the expansion of the magnet yoke. The 
temperature of the magnet was always recorded and 
a correction to the magnetic field was applied. 
A few 


2000 and 5500 gauss with 


measurements were made at fields between 
an electromagnet. This 
was less homogeneous and drifted 
field 


an improved 


magnetic field 


with time. Further measurements at other 


strengths will be carried out with 


electromagnet. The frequency of the oscillator was 


compared with the frequency of a standard fre- 


quency meter with an estimated error of less than 


LOO « ps 


Che magnetic field was modulated sinusoidally at 


280 cps with amplitudes ranging between 0.2 and 


20 gauss. To detect the weak broad lines the larger 


~ 


modulation amplitudes are necessary. The frequency 


the oscillator was slowly swept through the 


resonance and its output fed into a phase-sensitive 


detector with a time constant of 8 se 


bandwidth about { cps). The derivative of 


ibsorption in the sample as a function of frequency 
is recorded on an _ Esterline-Angus_ recording 
nstrument 
Due care should be taken that the experimentally 
observed quantities really correspond only to nuclear 
This will be true only when the metallic 


} 
UOSOTD on 


parti le 


| size is small compared to the skin depth [16] 


this condition is not fulfilled, part of the observed 
and 


due to eddy-current losses 


ma‘ be 
tions should be applied in order to evaluate the 
Phe metallic 


line shift and relaxation time. 


are always used in a finely divided poly- 
ine form to increase the effective volume as the 
radiofrequency field cannot penetrate further than a 


few skin depths. Although experiments on single 


crystals would be desirable it would be difficult to 
make the effective volume of the sample sufficiently 
large. 

The samples were made from powdered metals 
suspended in mineral oil. Oxygen-free electrolytic 


lead, 


and 


thallium, tin (c.p. grade 


distilled), 


copper, mercury 


triply zinc (s.p.) were obtained 
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commercially. Alloys were made by melting weighed 
ratios of the constituents in an evacuated quartz or 
glass tube. They were allowed to cool slowly and 
were held at appropriate annealing temperatures to 
bring about equilibrium in the phases under con- 
filed 


a 200-mesh sieve. The particle size was 


sideration. The metals were then and sieved 
through 
smaller than the skin depth in all cases, and it 
that the 


powdered sample contributed equally to the absorp- 


could be assumed the whole weight of 


tion signal. Insulation between the particles was 
achieved either by a very thin oxide cc ating or by the 
oil in which they were suspended. In some instances 
the powders were annealed in an inert atmosphere. 
In the oil suspension, particles could even be heated 
above their melting point without agglomeration. 
The 


inserted in a 


tube containing the was 


shielded lhe 


assembly could be inserted in a Dewar flask with a 


olass 


suspension 


radiolrequen v coil. 


tail of 10 mm inside and 18 mm outside diameter 


for measurements at 77°K. In another assembly a 


heater wire was wrapped around the shield of the 


coil. A thermal insulating layer on the outside made 


could be 


The 


Che modulation coils were outside 


miniature oven. 
350°C. 


oven. The coil was connected to the 


a temperature 
raised to 
the Dewar or 


oscillator by a coaxial cable 20 inches long. 


2. Quadrupole Effects 


When it was attempted to detect the magnetic 
resonance of the copper isotopes in brass (80% Cu 
20% Zn 


i similar volume of 


an , the signal was unobservable, although 


pure copper gave a signal to 
noise ratio of over one hundred. This rather unexpec- 
ted result can be explained by considering quadru- 
17]. Although the crystallographic 


X-ravs has 


individual 


pole interaction 
of a-brass as determined by 
the 
copper nuclei in the solid solution will not have this 
the 


Zn-atoms the cubic symmetry has certainly disap- 


structure 


cubic symmetry, environment of 


symmetry. If a few of nearest neighbors are 
peared on a submicroscopic scale. There may then 
exist gradients of the electric field which will vary 
in direction and magnitude at the position of the 
various copper nuclei. If a copper atom happens 


to have twelve other copper atoms as nearest 
neighbors, there may still be a deviation from cubic 
symmetry arising from Zn atoms among the next 
nearest or further neighbors, although in this case 
the magnitude of the gradient can be expected to be 
smaller. Even in pure copper a certain inhomogeneity 
of the internal electric field will exist due to strains 


around dislocations or other imperfections in the 


(effective 
COTTe( 
COTTe( 
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lattice. It has been shown by Pound and Watkins 
[15; 18] that these strains in single crystals of the 
alkali halides are sufficient to wipe out the satellite 
transitions, i.e., the resonance of bromine and iodine 
nuclei in KBr and KI crystals is due solely to 
the 


m, = — 4. The reason is that the energy difference 


transitions between levels with m, and 


between these two levels is unaffected by the quad- 


rupole interaction as the first-order approximation 


7 


tr tina mate 


\ recording of the derivative ot the abs« 
resonance at room temperature 1n 


Middle: 99% Cu and 1% Ag 


tails, copper 


rptio 
pper Pure 
Note the 


Owe! 


FIGURE 1 
of the Cu® 
coppel 
appearance of weak 
80% Cu 20% Zn. An extremely 
intensity than 1% of that in 
observed at 77°K in this alloy 


annealed 
abst nt in 
weak 

pure 


pure 
resonance wit 
has 


less copper 
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quite generally depends on m,° only. There is a 


first-order perturbation of the other energy differ- 
ences, and these transitions are spread out over sucha 
large frequency interval as to become unobservable. 
It is possible that in pure and well-annealed metals 


the quadrupole broadening 1S considerably less and 


that the satellite transitions also contribute to the 


signal. Evidence for this will be presented below 


It is true that the metals will have at least the same 


dislocations as the Ikali halide crystals 


density of 


But the electron orbits in the metal ions are probabl 


deformed less under the influence of st 


the Br~ and I~ ions. Furthermore, 


moments ol the isotopes are 


Final 


the erte 


the elec tric fhe ld oy icdient nu le us 


itom« smaller 


itoms 


correct one solute 


11nes 


Sate llite 
OCcCCUI 
ill an 


nd moment 


Al 


On the average these lines are not displaced since 


1 


l 3 cos” 6 0. The line shape is quite chara 
| 


teristic and has been described 1 


Often the broadening, of which equation 
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magnitude, will make the lines unobservable. 


‘transition m = 4— — 4 will only be broadened 


. second approximation according to the equation 


cos — cos @ 


Che center of of the line will be 


toward lower frequencies by an 


gravity displaced 


amount 
12) Ycos 6 
sin 6 dé 


second moment ol 


line averaged over all 


0.93 


‘experiment in bra 
The 


order to es¢ ape 


iS carried out 
a trequency 
least 50 


line should 


have been at wide in 
observation. Chis enables us to calculate a lower 
limit ior g or 


19 


in the alloy. 
0.157 4 LO 


and Ap 


Substituting the 


Values ‘cm or = 


= 50 ke in equation (9 


> 0.17 & 10°cps 
is necessary for the satellites to disappear. A more 
stringent 
13 Che 


dis ippear elves 


obtained 
the 


requirement is from equation 
line m 


condition that 


he simplest picture one can form about the origin 
held the Zn atoms 
have a different charge. The bivalent Zn atoms will 


of the internal electric is that 
pre rluce one extra pc sitive electronic charge at their 
lattice sites compared to the monovalent Cu-atoms. 
The electrons around the Zn atom 
the 


are redistributed 


—either by tormation of a bound state or a 


distribution of conduction electrons—to produce a 


screened Coulomb potential of the form [20; 21] 
(14 
Differ- 


where a reasonable value for K is 10° cm 
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entiating this expression twice, we obtain for the 


gradient 


dE, 


or 


One Zn atom would produce a gradient at the nearest 
= 2.55 X 10-5cm) of 
. This is much smaller than the experimental 


Cu atom (r 6.4 X 


cm 
limiting value. The effect should, moreover, depend 


strongly on the effective valency of the alloying 


agent. Actually, it is observed that silver produces 
at least as large a quadrupole broadening as zinc. 
Although Huang [22] has shown that considerable 
polarization effects may occur even if the solvent 
and solute atom have the same valency, a descrip- 
tion in terms of distorted electron orbitals is more 
appropriate, as will be discussed below. 

It is of interest to investigate how the apparent 
as the concentration of Zn 


line intensitv decreases 


) 


or Ag increases. In Figure 2 the maximum absorp- 


the Cu 
and cold worked copper and in alloys with zinc 
By cold work the contribution of the transitions 

} is washed out \nnealing 
nuclear 


intensity of magnetic resonance 


FIGURE 2 Phe 
iled 


mr = > = > 1S 


j 
tne 


restores the total intensity of resonance, 
tion, corrected for the effective number of copper 
nuclei in the sample, is plotted as a function of the 
solute concentration C. 

In pure copper samples the intensity varies 
between 0.4 and 1.0. The unit intensity was assigned 
to a well-annealed pure electrolytic copper sample. 
Cold worked copper filings then had an intensity 
between 0.4 and 0.5 with respect to this reference 


point. The intensity could be increased by a factor 


736 
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of nearly two when the cold worked powder was 
annealed. The strains connected with dislocations in 
the worked material produce electric field gradients 
the 


by first-order quadrupole pertur- 


which wipe out transitions and 


The 
1 9 


central line m = 4— — }is3: 


my > 


bation. intensity ratio of these satellites to the 


t: 3. The remaining 


intensity of 0.4 is thus ascribed to the m, 1 


transition. 

In the cold-worked powdered alloys the intensity 
then decreases further by second-order quadrupole 
perturbation of the central line. However, the line 
does not broaden gradually nor does it show a 
shift toward lower frequencies, as could be expected 
Only 


the recording 


from equations (12) and (13 a vestige of a 
broadened tail 
Cu-Ag alloy. We assume, therefore, that the electri 
field the 


unobservable, when 


is apparent in for a 


large and makes line 


a Zn or 


to a copper atom, but is rather small and does not 


eradient is very 


Ag atom is very close 
atlect the central line, when the Zn or \o atoms are 
further away. Let the Zn atom in neighboring 
nucleus make its 
the effect of the Zn 
atom be zero, if it is not in one of these ” positions 
We calculate the probability 
has no Zn atom in its » neighboring lattice sites 


positions around a copper reso 


nance unobservable, and let 


that a copper atom 
If the relative concentration of the solute is C, each 
lattice site in the random solid solution of a-brass 
has a probability | C to be occupied by a Cu atom 
The desired probability is therefore (1 — C)”. In 
this case the copper atom is surrounded only by 
The 


cubic symmetry and the copper nucleus will contri- 


copper atoms. immediate neighborhood has 


bute to the resonance signal. There are of course a 
cubic 
but 


configurations with svmmetry 


are Zn low Zn 


concentrations these have a much smaller probability 


few other 


(e.g. all neighbors atoms lor 
and need not be considered here. We therefore find 


for the apparent intensity 
In = nIn (1 


4 versus the composi- 
that 


In Figure 3 we have plotted 
tion on a double logarithmic scale. It is seen 
the experimental points fall surprisingly well on a 
straight line. Its slope determines 1 18. If this 
number came out much larger our theory would be 
incorrect as the underlying assumption was that 
only relatively few neighbors produce an appreciable 
eradient. The face-centered cubic lattice of copper 
has 12 nearest neighbors at a distance of 2.55 A 
and six next nearest neighbors at a distance 3.61 A. 


The number of these positions agrees well with the 
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Che 
in one of these 18 positions should then be at le ist 
2.6 x 10 Chis 


function 


experimental value. quadrupole interaction 


cps as derived from equation 13 


corresponds to an asymmetry in the wave 


around the Cu atom equivalent to 4 per cent in 
3d° 4s? 2D 


atom state or 20 per cent of the atomi 


3d Lp P 


silver atom such a distortion is_ probably 


unreasonable. In the case of a neighboring Zn aton 
the extra electron may be shared by the su 
with an unsatu! 


20% 4 


copper atoms, each taking part 


covalent bond [24 \n excess ol bond 
the direction of the Zn atom may not be unreaso! 
Dailey [25] h 


satistactoril\ 


Townes and ive shown that cov 


describe quadt ipole 


bonding can 


molecules. We leave the question open 


coupling in 


most 


of what des ription of distorted orbits will be 


Orbital distortion, 


origin tor 


appropriate for the metals 
dominant 


alk ili 


ol dislox ations 


however, seems to be the 
halide crvyst ils, 


Watkins 


quadrupole effects even in 


strained by the presence 


has shown that a calculation based on a « 
of point charges deviating from cubic symmetr 
does not give the correct answer. A phenomenologi 


cal multiplication factor 8, larger than unity, has to 
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be introduced to obtain results in agreement with 
the experimental quadrupole coupling. 

It can be exper ted that the shells of the alkali 
1OnsS will be much less susceptible to deformation 
than the shells of the transition elements or heavier 
side of 


right-hand the periodic 


the 


elements on the 


system. general, quadrupole interaction 
provides a serious handicap in the investigation of 


The 


prohibit ive for 


alloy systems with nuclear spin / > 3. line 


broadening mav, however, not be 


isotopes with small values of the quadrupole inter- 
ction like Li® and Li’. In Li-systems the quadrupole 
detail as the 
Che 


resonance in alloys, if > 


effect could perhaps be studied in 


resonance lines may not disappear intensity 


of the nuclear gives 


information about the amount of order in the 


immediate neighborhood around nuclei with spin 
I> 4. 


from each other, the first stages of precipitation and 


Tendencies of solute atoms to stay away 


deviations from pertect solid solution o1 perfect 


order could be studied in this fashion. 

svmmetry the 
\ttempts 
50% 


the 


In ordered structures with cubic 


quadrupole broadening should be absent 
to detect the resonance in 6-brass near the 50% 
composition have failed, presumably because 


ordering is not complete. Also liquid structures 


should be accessible to investigation as in this case 
the quadrupole intel 1¢ tion has to be iveraged over 
the rapidly changing configurations and effectively 
cancels, although there will remain a contribution to 
the relaxation process. A small quadrupole contribu- 
tion Lo the relax ition process is possibly responsible 
that the relaxation times for the pairs of 


for the fact 


isotopes (sa ind Rb* 


Rb*? have a somewhat 


smaller 1 


itio than the inverse ratio of the squares 


of the ratios for these isotopes 1] 


It SO ha 


magnetic moment has the larger quadrupole moment 


evromagcneti« 


that 


ppens the isotope with the smaller 


both For gallium we have 


O 


iscs. 


he experimental result is explained if the quadru- 


pole interaction contributes 9% to the relaxation 


mechanism for Ga‘! and consequently 35% tor Ga®® 


Since the two rubidium isotopes have different 


total spin, the comparison 1s not so straightforward, 
ind detailed investigation of transitions between the 
various m-levels would have to be made, not 
warranted by the experimental uncertainties. 

The use of isotopes with spin J = 3, however, 
avoids all complications of the quadrupole elfect. 
The fact that the intensity of the resonance is not 


drastically reduced, as in the case of thallium alloys 
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as discussed in a later paragraph, provides perhaps 
the most convincing proof of the assumption of 


quadrupole interaction in brass. 


3. Nuclear Resonance in Tin, Thallium and 
Lead 


During the first attempts no resonance was found 
in metallic thallium. If the line width were deter- 
mined by nuclear dipolar interaction the second 
moment of the line equation (7) would be 4.6 ke/s, 
and the resonance easily observable. The hy pothesis 
was made that the spin-lattice relaxation time would 
be extremely short and the line correspondingly 
of the 


\ broad resonance of 33 


broader, on account very large hyperfine 
splitting in this element. 
ke s between points of maximum slope (equivalent 
to 14 gauss) was then found at liquid-air tempera- 
ture. Subsequent investigations showed that the line 
width was independent of temperature in the range 
77°K—400°K. This 


relaxation mechanism as the line broadening agent. 


from seems to rule out the 
If the conduction electrons are responsible for the 
relaxation, the line width should be proportional to 
the absolute temperature. For a Raman scattering 
process of vibrational lattice phonons a 7°-depen- 
dence would be expected. 

It has been suggested by Gutowski [12] that an 
anisotropy of the Knight shift could be responsible 
for the width in metals. It will be shown in the next 
paragraph that the anisotropy, which would have to 
be about 20% in this case, produces an asymmetrical 


line with a width proportional to the resonance 
frequency. Experiments in external fields ranging 
from 2000 to 6200 gauss revealed no change in the 
width. Furthermore, the line should become narrow 
in the cubi phase of thallium, which is stable above 
No resonance was observable above 150°C. 
If the line had the dipolar width of 4.6 ke/s, it 
would have been observed. Even more striking is 
the failure to detect the resonance in the liquid phase, 
the melting point being at 302°C 
\lthough the width makes the determination of 
the line position somewhat inaccurate, the relative 


Knight shift is so large that it can be measured 


Figure 4 shows a record of line 


and Tl 


of 3000 gauss and 5600 gauss respectively. 


with fair precision. 


derivatives of the resonance in fields 


These 


resonances were compared with the narrow lines 


in a saturated aqueous solution of thallium acetate. 


To what extent these lines can really serve as 


standards is open to criticism in view of the con- 


centration-dependent chemical shift occurring in 


solutions of thallium salts [26]. For Tl°°> a Knight 


shift Av/vyp = 1.54% + .05% has been found, the 
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FIGURI The derivatives of the magneti 


gauss The peak at the high-frequency side ¢ 


of the TP sot ive al dance 30% 


xplais e 


largest so far reported for an element. The behavior 
of the T1®°* resonance is baffling. In going from 2000 
to 6000 oersted, the Knight shift changes from 1] 
to 1.5 per cent, the width changes trom 17 kc’s, 
to 33 kc/s, and the intensity decreases by a factor 
three. No such anomalies are observed for the T] 
resonance. 

he two isotopes have magnetic moments differing 
only by one per cent and it is not clear how the 
could behave so differently, if our interpretation 
of the recordings is at all correct The pre liminar\ 
experimental data are mentioned here only for the 
sake of completeness. Some numerical values are 
compiled in Table I. 

For Pb2°7 in metallic lead a Knight shift of 1.24% 

0.04% has been found. A preliminary value was 
previously reported by Knight. 

The Knight shifts for the resonances of Sn 
and Sn!!° in white tin are 0.74 per cent and 0.72 pet 
cent, which can be considered equal within the experi 
mental error. No values for tin and thallium ha 
been reported previously, a fact undoubtedly duc 
to the unexpected broadness of the lines 

The resonances of Sn'!? and Sn 
reveal no Knight shift. It has been shown that the 


diamond structure of grey tin is semiconducting 
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[he conduction electrons contribute little or nothing 
magnetic this a-phase, 
0.025 * 10 Xs—-sn = + 0.025 * 


s. units per gram. The contribution to the 


to the susceptibility in 


Xa—sn = 
« 
Knight shift is correspondingly negligible in a-Sn. 


and 


The number of electrons and holes with unbalanced 
spin is very small, and furthermore the wave func- 
tion has predominantly p-character near the top of 
the valence band and the bottom of the conduction 
band in the diamond structure. The intensity of the 
lines for the two isotopes in both modifications is 
about equal, in agreement with their abundance 
ratio of 1.08. The lines in a-Sn have a normal shape, 
but the width is about six times as large as the 
dipolar broadening. This can clearly not be blamed 
on the conduction electrons in this semiconducting 
material. 

In the 


have a marked asymmetry. This may be understood 


8-modification, however, both resonances 


as the anisotropy of the Knight shift in the markedly 
tetragonal white tin structure. A striking confirma- 
tion for the correctness of this hypothesis would be 
to check the proportionality of this asymmetric 
broadening with the external field. The integrated 
line, assuming that the recording in Figure 5 gives 


the derivative, is sketched in This line 


I in grey 
Che latter 


ibsorption 


FIGURE 6. The integrated line shape in tetragonal tin, 


derived from the recording in Fig. 5. 
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the 
result is that the figures quoted for the Knight shift 


will be interpreted in next paragraph. The 
above are valid, if the field is perpendicular to the 
tetragonal axis. For fields parallel to the axis the 


Knight shifts are 0.79 and 0.77 per cent or 7 per cent 


higher. 
4. Anisotropy of the Knight Shift 


The first term in the Hamiltonian equation (6) 
does not depend on the direction of the external 
field. The second term produces a shift of the nuclear 
resonance which depends on the orientation of the 
external field 7) with respect to the crystallographic 
The 


third term in equation (6) can be neglected as the 


axes. It vanishes only for cubic symmetry. 


orbital momentum is frozen in. In the first-order 


perturbation calculation we are only interested in 
elements diagonal in the nuclear and electron spin. 


If we denote the angle between HZ) and the radius 


vector between electron and nucleus by a we retain 
only the following part of the Hamiltonian 


(16 Moris = + Yn h Bm,(1 — 3 cos a)r 


The — or + sign depends on whether the electron 


moment is parallel or antiparallel to 1 respectively. 
determine the 


the shift we 


To calculate energy 
between two nuclear 


We have to 


Wave 


ditterence due to equation (16 
spin orientations for which Am, = 1. 
integrate equation (16) over the electron 
function y,; and then sum over all states k, taking the 
opposite spin with 


28H 


unbalanced 


contributions of electrons of 


opposite sign. Per unit volume only 


electrons near the Fermi level with 


spin will therefore contribute. If I’) is the atomi 
volume we find for the energy difference 


17) AW = yn h B2BH (Ex 


Jv: (3 cos’ a; — > 


Average over Fermi surface 


If we introduce an average Wave function y, so that 
y*y represents the average electron density in space 
of the conduction electrons near the Fermi level, we 
find from equation (17) for the relative Knight shift 
(18 AH soi 28°V.N(Er) | (3cos"a —1l)r 
dxdyd Z. 
the field Hy makes the polar angles 6 and ¢ with 
respect to the x,y,z-coordinate system. The radius 
vector r has polar angles 6 and ®. We can now ex- 
press (1 — 3 cos? a) by means of a well-known 


Ho= 5553.3 gauss 
wire 
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addition theorem in terms of tesseral harmonics 


in the angles @ and wy and 0 and ® respectively. 


(19) COs’ 1) (cos 


n(@p 


™ (cos 6) i 
We shall first discuss the case of axial symmetry. 
It is probably a good approximation to assume that 
y¥ consists of a mixture of p-type wave functions of 
the form 


Wo, 5 (vii + ¥ 1) and 
V2 


Vo 


These wave functions are real and represent the 


quenching of the p-orbits by the crystalline field. 
In the case of axial symmetry the electron density 
can then be written as 


(20) yy 


Here g(r) is a radial function, whose form is unim- 


portant for our purposes. Clearly equation 20 


could be extended to higher-order terms with axial 
the following integrations could 


symmetry, and 


easily be carried through, if d — or higher orbital 
states were included. Substituting equations (19 
(20) (18 the 


integration over ®, that only the term with m 0 


and into we find after carrving out 


in equation (19) contributes, and obtain 


2] AVanis 
Z 


VoN (Er) 


3cos 6 


where 


is the quadrupole moment of the electrons near 


The 


moment 


the Fermi level. interaction with a nuclear 


quadrupole would involve a_ different 
quantity g', in which the charges of all electrons and 
nuclei are involved and not just the charges of the 
conduction electrons near the Fermi level. 

The shift equation (21), which averages to zero 
for a polycrystalline material, is, of course, super- 
imposed on the isotropic shift Av;, given by equation 
(3). 
It is to be noted that the angular dependence of 
equation (21) is the same, as could be inferred in a 


purely phenomenological way, if one assumes that a 


NUCL 
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linear tensor the internal 


field AH and the external field 7). Since in first-order 


approximation only the component of AH parallel to 


relation exists between 


Hy will alter the resonance frequency we can write 


down immediately 


(23 Ap Av, cos 6 + Ap 


The phenomenological quantities Ap 
be identified as 


Av 2B VoN(E; 


Ai Av; 


lhe number of nuclei in the powdered specimen, for 


which the magnetic field makes an angle @ with the 


crystallographic is, of 


This 


transtormed 


course, proportion il 


to sin @. distribution over angles must be 


distribution 
| he 


cedure is the same as used, « 


into a lunction over 


resonance Irequent ies straight-forw ird pro 


o., by Pake [27] for 


the shape of the resonance of the two proton sys 


) 


tems in powders ition (23) we find for 


the line intensit. 


interval. 


Che line shape “at the dotted lit 


| igure 7 tor the « ase 


, corresponding to 


Che theor 
the 
symmetri co 
gives the experimenta 


a other causes Ol 


positive value of g. Dipolar broadening and finite 
life-time will change the distribution to one indicated 


by the solid line. This is in excellent agreement with 


sin 
. 
+ (C — A) cos’ 0] 
| \ > > \ 
O! 
24 “(v) = 0 outside this a 
22) Jy 3cos O Wd | 
e 
( A ro(r)dr 
Lo 
etical line shape 
powcde Lsotrop the Knig 
symmetric lin lening ne 
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the We 


conclude therefore that g is positive. The dominant 


line shape observed in tetragonal tin. 


contribution to the gradient of the electric field at 
the nucleus comes from electrons along the tetragonal 
the 


axis. This agrees with crystal structure [28] 


where the four nearest neighbors form a tetrahedron, 
squashed in the direction of the tetragonal axis, 


while the two next nearest neighbors are in the 


direction of the tetragonal axis. If one assumes a 


uniform charge distribution around each nucleus, 
it is elongated along the tetragonal axis. The experi- 
ment gives for the anisotropy 
Av, — Ap 
= 


specific 
Ni E, 


values 
SS & 10 


We calculate V(-, the electroni 


heat data [21; 29 
0.19 & 10 


from 
with the result that V 
Substituting these into 
cm 
the shift (Ap Ap 
Ay;, amounts to7 per cent. This should be considered 


the 


equation (23), we obtain 


The relative anisotropy ol 


The p-character of wave function 


Che 


the p-state is smaller than in the s-state, and further- 


as large. 


must be appreciable hyperfine interaction in 


more we detect only the anisotropy in the p-wave 


functions. 


The total amount of p-character should 


well exceed 50 per cent near the Fermi level in 


white tin. 
structures where the nearest neigh- 


In hexagonal 


bors have a nearly cubic arrangement, much smaller 


fact no 
The 


pronounced in 


Cu 
inisotropies should he expected, ‘ id in 


asvmmetri¢ lines have been reported. 


other 


should become mort 


asvmmetr’ 


higher fields. The problem treated here is somewhat 


similar to the dipolar interaction in solid hydrogen 
30|. For the proton spin pair 
ine always results because the spin of 


proton has equal probability ior parallel or 


ntiparallel orientation. In our problem of the 


in elec tron spin pair interac tion, we have 


value of the electron § spin 


the 


iverage 


moment, as the motion of electrons is much 


more rapid than the nuclear precession frequency. 
rhe 
his 
tional to the value of // 


us to distinguish the 


net moment is always oriented parallel to Fo. 


leads to an asymmetric broadening, propor- 
These two features enable 
Knight shift from 


the 


anisotropi 


quadrupole interactions, in case nuclear spin 


a value g tor the upper 


this 


[ > It is interesting that 


conduction electrons can be derived from 


but this is of no direct avail in the absolute 


effect, 
determination of nuclear quadrupole moments. As 
pointed out before, another g involving the total 


charge distribution is effective in that case. 
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The derivation for the anisotropy of the Knight 
shift showed no relation with the anisotropy in the 
The 
the 


observed magnetic susceptibility. latter is 


mostly due to diamagnetic effects of orbital 


motion. It is possible that some anisotropy in the 
Pauli spin paramagnetism occurs because of an 
anisotropic g-factor. If the spin-orbit coupling due 
to the partial ‘“‘non-s character” in the wave function 
is appreciable compared to crystalline field splittings 


in the conduction band, one will have a g-factor 


) 


ditferent from 2, and in a tetragonal crvstal one has 


to distinguish between and g The partial 


s-character of the wave function then leads, accord- 


ing to equation (3), to an anisotropy in the Knight 


shift 
24a 


anisotropy effect should be added algebraically 


to that given by equation (21). Phenomenologicalls 


the two effects are indistinguishable. It will be very 
difficult to obtain experimental information about 


g and g,. In the absence of a theoretical evaluation 


we have used equation (21) only to obtain a value 


for g. This will be incorrect, if the anisotropy in g 
is several percent. This would still require a sizeable 


amount of “‘non-s character” of the wave function, 


but perhaps less than the use of equation (21 


would indicate. The anisotropic diamagnetic §sus- 


ceptibility will of course give rise to an anisotropic 


magnetic shielding of the nuclei. But the order of 


magnitude of this effect is much smaller, perhaps a 


few parts in a million [31 
\We finally extend the preceding considerations to 
the gveneral case when there is no axis of svmmetrv. 


Instead of equation ?20 we now have for the 


average densitv of the conduction electrons near 


the Fermi level 


25 yy g(r)(An 


Substituting equations (19) and (25) into equation 


18) one finds that Ay,,j;. is now not only a function 


of 6, but also of @ 


LB 
af Ld 


B sin 4cCos rg 


[his expression reduces properly to equation (21 
for A B, 
In order to calculate the line shape we introduce 


three frequencies 7, v2 and v;, at which the resonance 


— 

Av, — Ap (g .. 
3 

(26) — 

3 ) 14 9 | 
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occurs, if H» points along one of the axes. We 
assume without loss of generality that > > 
lhe resonance frequency for the direction 6, @ is 
then given by 


sin cos @ + cos 6 


(27) = », sin’ Osin' + 


A comparison with equation (26) readily relates 
these phenomenological quantities with the A, B 
and C and with the isotropic shiit Av,.. We 


calculate from equation (27) what the line shape 


hirst 


if @ were held fixed 


ty ) 
Od 


would be 


Oif pv, 


and zero outside these intervals for @. lo find the 


actual shape we have to integrate over the permiss- 


ible range of @ values. 


and find after some manipulation that 


sin 


brought into the form of the complete ellipti 


integrals. 


Ziv) = 0 


(v) for 


y>yp 
line shape has been plotted in Figure 8, for the 


The 
- — v,). The values of the elliptic 


case V3 Vo = (V2 
integrals can be found in the tables of Jahnke and 
Emde [32]. There is a logarithmic divergence at the 
Further broadening of the line by 
this 


frequency 
dipolar interaction will smooth 
completely, and the real line shape is indicated by 
the drawn line. Note that the line would be sym- 


out almost 


ROWLAND: NI 
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il, if } No »bser\ 


metric 


metal with less than axial svmmett 


made. It would be inte! ing’ il such 


could be identified 


Resonance in Thallium 


Alloys 


The Nuclear 


the line in metallic thallium had been 


\fter 


found, experiments on thallium alloys were immed 


iately successful. The lines retained their intensit 


is quadrupole effects are absent Che width varied 


the different alloys, but not by sper 


somewhat in 


umounts. An exception is perhaps formed by 


tacular 


the thallium-bismuth alloys where the line width 


*Between points of maximum slor 


TSecond moment 
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have been 
line shape 
Yr 
(vy, x x vy — v3cos v,sin @ 
FIGURE 8&8 Che theoretic hape ) 
y+ v2cCos 6+ posin with less tha ixial svmmett The drav 
Svmmetric bi ade | aip it te ct 
ie) relaxatio time 
y— Vo. 
cos > if Vo < yp « 
and | 
y Vi. 
> cos < ». 
be 
rABLE II 
(28 x | \ ) 4+ 05 1 
| 1.08 50 
j (vo — v1) (vy Nae 0S 
— sin'y¢ Na 
J 0 (py — po)(p V} ULO 2.4 Z.U 
Me—Tl Meg 9 12 1) 
| 1 | 50 At.@] I OS IR 
Sn-T] 0-25 A 1.54 ¢t 64 
y / (vs — vi) (vs — Sn-TI 197 
(vy) 
(v3 — Vv) (vo — Py See detailed shift mposition dat Fic 
) l sin Y{ ay pure B-S 74 
pure a-S og () 
Hg-Tl 13 At.%Hg-Tl TI 
60 At.%He-Tl TI 1.49 20 
V1 + 
72 At.%Hg-Tl1 1 
92 At.%Heg-T1 TI 1.18 
34 At.%Pb-Tl1 TI 1.39 
90 At.%Pb-Tl TI 1.90 33 
pure Pb PI | 24 < 2? 0) 28 
Bi- Tl 6 At.%Bi-Tl 1 
19 At.%Bi-Tl Tl 1.74 10 
59 At.%Bi-Tl TI a 110 
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A remarkable 


was obtained in 90% Hg, 
Cl) at room temperature. The width has the 


L110 ke Ss. 


a liquid alloy 


ncreased by a factor 3 to 


same order of magnitude as in the solid phases and 
is apparently not narrowed by the rapid motion in 
the liquid. This is all the more remarkable as a spin 
attice relaxation mechanism is again ruled out by 
the lack of variation with temperature. 

Dat 
in Table II. 


variations on 


. on the width and Knight shift are assembled 
The Knight shift exhibits appreciable 
In each phase it changes 
Chis 


svstem in Figure 9. 


alloy Ing 


continuously with composition. behavior is 


illustrated for the thallium-tin 


solubility of thallium in tin is too small to 


rhe 
obtain data at 
Che 
pure thallium to 1.97 per cent at the phase boundary. 
20% Sn-80% 


0.67% 


the other end of the phase diagram. 


relative shift increases from 1.54 per cent in 


The Knight shift of tin in the alloy 
than in 
the 


the other hand is smaller 


0.747 


I'l) on 


pure tin \ccording to equation 3 


variation can be caused by a change in the quantities 


first approximation it is 


V(E). In a 


probably correct to assume that CV’ 


and 
is constant, as 
the hyperfine interaction normalized per atom 1s 
inversely proportional to the atomic volume V 

Then the plot of the Knight shift is also a plot of 
density of the N(E; 

For a free electron gas this quantity is proportional 
to Ey It is plausible that the addition of tin to 


thallium raises the number of conduction electrons 


states near Fermi level 


per unit volume and consequently Ey and N(E; 
[here are some data on the magnetic susceptibility 


which also indicate an increase of N(£). The specific 


] 953 


4, 


susceptibility increases from a value — 0.22 10-6 
for pure thallium to — 0.11 X 10-® for an alloy of 
80°, 20% The density N(£) 


levels off near the phase boundary; a decrease which 


thallium and tin. 
might be expected according to Jones's explanation 
33] ot the 
Additions of less than 3 per cent tin do not change 
The N(E pr) 


first and increases only when 


Hume-Rotherv rules is not observed. 


the Knight shift. density of states 
remains constant at 
more than 3 per cent tin is added. This is in agree- 
ment* with Friedel’s theory of impurities in metals 
34]. The tin atoms in small concentration act like 
impurities, which have either a bound electron or a 


compressed Fermi gas of conduction electrons 


In either case the maximum momen- 
\ E, are 
higher concentrations the impurities interact and 

rhe line width increases by 
added. Data are 


around them. 


tum k,,, and therefore unchanged. For 


increases. 
a factor two if 10 per 
Figure 10. 


cent tin is civen in 


FIGURE 10 Phe 
maximum slope, i 
The thallium nuclei in the solid solution do not all 
have the same environment. There will be a certain 
distribution in the values of y(0 depending on 
the presence of tin atoms in the immediate neighbor- 
hood. This lead to a Knight 


shifts. Although one would expect 


will distribution of 
an asymmetric 
distribution for small tin concentrations, an asym- 
metric broadening has not been observed. 

shift 
the 


Discontinuities in the Knight occur when 
take 


regions of the phase diagram the resonance will 


phase transitions place. In two-phase 


therefore be double. This is illustrated in Figure 11, 


where the Knight shift is plotted versus composition 


of thallium-mercury alloys. The relative change in 
*Professor H. Brooks first suggested this explanation to the 
authors. 
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FIGURE 9 The shift f the I] resonance solid sol s 
‘ t S of Til n thall m Che fact that tin « centrations less - 
t! o% have no effect « the Knight shift ca be considered + 4 
s proof of Friedel’s theor if impurity levels i metals, which t 
leave the Fermi level unaffected. For higher concentrations 
the curve represents the filling up of the conduction band 
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the Knight shift is more than 70% in going from the 


B- to the y-phase. The change is partly caused by 


volume effects but mostly by the electronic structure 
Another example of the effect of phase 


Knight shift is the melting of Tl-Hg alloys. 


increase in volume would presumably lower 


Knight shift according to equation (3 


indicating a change in the electronic structure 


11. The shift rl? 
alloys In the phase 
In the and a phase 
presumably consisting of two compone! was 
but is not indicated in the fig The dotted lin 
the resonance at 24°C in liquid alloys 
in the transition from one solid phase to an 
liquid phase. The indicated phase bou 
to the liquid phase. 


of the 
two- 


FIGURI 
mercury 


nce in thalliun 


tw 


two eso 


ved li 
obser. 


reters 


lines occur re 1 nresol 


ure e 
Discontinuities occu 
d t 


oO 


) the 


ippl 


al 


ndatr do n 


The behavior of the Knight shift over the phase 


diagram is roughly what could be expected Che 


knowledge of the electronic structure of these alloys 


is, however, insufficient to attempt a quantitative 
explanation. 

A thallium-magnesium alloy exhibits the largest 
Knight shift of 2.1 per cent. 


A 


ordered 


most remarkable result was obtained in the 


NaTl This 


pound shows a negative Knight shift 


intermetallic 
1.0: 


structure. com- 


) 


thallium. Since it is an ordered structure with cubi 
symmetry, the Na*’ resonance could also be observed 
and it shows a small shift towards lower frequencies. 
A shift of —0.016 per cent was found compared to a 
of Nal. 


positive shift of 0.11 per cent occurs. We have not 


solution In metallic sodium an ordinary 


yet performed experiments at other frequencies 
and do not know whether the shift is really propor- 
tional to vp, although it seems unlikely that a chemi- 
cal shift would be this large. Experiments on other 
alloys with the NaTl structure are also planned. 

A the shift 
might perhaps be found along the following lines. 


re 
it 


possible explanat ion of negative 


Abragam and Pryce [35] have shown that Mn** 


( hange on the 
\ pure 
the 
\ctually, 


an increase of 20 per cent is observed on melting, 
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ions, and other ions of the iron group, exhibit 


hic h 


not 


l 


configurational interaction, i a 3s-electron 


t-s orbital 


this promotion, but the interac 


is promoted to the spin oO! 


the magnetic moment of the ion is 


LION 


is changed. The electron spin interacts more st1 


in the 3-s orbit than in the 4-s orbit 


the nucleus du 

by 

Chis 
T 


hy] 


ind Pryce’ 


spin density ( 


to 
s-electrons is 


id il 


tion 


determined overlap 


wave ltunctions conhgura 


accounts for the 


\br ig@amM 


roportional to the amplitude « 


\In 
| 


function 


erhine sti 


ion 36| show that 


the admixed wave 


It 


) 


ind not to its squart is 


att 


Al 


whether 


ect which a itive 


Phe 


actually clves 


S interaction in the Mn 


ion 


configurational ‘raction 


might cause some mixing with a state in which an 


inner s-electron is promoted to higher orbits in the 


ina 


conduction band with s-wave character, 


whe the r 


ne 


~ 


this effect would yield a parti ularly 
Nall. ¢ 
more experimental data 
hypothesis lhe 
NaTl is normal 


tabulated experimental 


itive 


value for learly much theoretical work and 


needed to confirm this 
the Na 


remembered that the 


Ar¢ 
width of 


It should be 


( resonance 


in 


ind theoretical 


he 
resonance iS, however, ol the same rotm venitude 
Chis 


width 


\ ire 


i 


not directly comparable width oO the 


thallium 


is found in all other samples 


configuration 


Is anothel 


> ment that the anomalously, 


ir? 


teristic of the atom ot 


; elements, rather than of the electroni 


the conduction band 


Unfortunately, we have no 


data 


relaxation ime tor 


No check on the 


S therefore ssible 


any 


resonances validity of the 


relation 1 


lor 


Acknowledgement 


ptedness ) 


[he authors wish to express their ind 
J Friedel H 


several \ lu ible 


Professors H. Brooks, 
( 


One ol 


ind Jones Ya! 


Herring for disk 


California Research Corporation 


ussions 
us icknow ledges 1 stipend trom the 
Che research was 
by the 
Office of Naval Research, the Signal ( orps of the 
Contract N5ori-76, 


made possible through support extended t ru 


it 


Laboratory, Harvard University, jointh 


QO. 


the Force, 


Army, and 


lel} 


*The lel 
their att 


ay iil ible 


ithors 


ntion 


i tec 


t 


are 


to this effec 


before iblicatio 


Dp 


ture ot the 
interferenc 
sion for th 
i 
ved 
= 
Ar 
+} 
lott { +} } 
Lr \bragam f 1g 
I ad tor laking the ma cript 


ACTA METALLURGICA, VOL. 1, 1953 


19. BLEANEY, B., Bowers, K. D. and TRENAMm, R. S. Proc. 
References Phys. Soc. 66A (1953) 410 
Mott, N. F. and Jones, H The Theory of the Properties 
IX NIGH Phys. Rev. 76 (1949 1259 of Metals and Alloys (Oxford University Press, 1936), 
2. TOWNES, HERRING, C. and KNIGH pp. 86-88 
Phys. Rev. 77 (1950) 852 ‘ Mott, N. F rog. in Metal Phys. 3 (1952) 76 


FERMI, | /. Phys. 60 (1930) 320 22. HvANG, K roc. Phys. Soc. 60 (1948) 161. 


KOHN, W. and BLOEMBERGEN, N Phys. Rev. 80 (1950 23. Brix, P. and KoOPFERMANN, H Landolt-Bornstein, 
913; 82 (1951) 283 Zahlenwerte und Funktionen [.5 
HEITLER, W. and TELLER, | ro ) Soc. A155 PAULING, L. Proc. Roy. Soc. A196 (1949) 343. 


1936) 637 25. DaILey, B and Townes, C. H. J. Chem. Phys, 17 


KORRINGA, |] Physica 16 (1950) 601 1949) 782 
OVERHAUSER, A. W. Phys. Rev. 89 (1953) 1316 26. GutTowsk!, H. S. and McGarvey, B. R. Phys. Rev. 91 
BLOEMBERGEN, N. Physica 15 (1949) 588 1953) 81. 
Poutis, N. J. Physica 16 (1950) 373 : PAKE, G. E. J. Chem. Phys. 16 (1948) 327. 
Hatton, J. and Roun, B. \ Proc. Roy. Soc. A199 28, Wyckorr, Crystal Structures (New York, Interscience 
1949) 222 Publishers 
GUTOWSKI, I ind McGarvey, B. R. J. Chem. Phys 29. KreEEsomM, W. H. and VAN DER LAER, P. H Physica 5 
20 (1952) 1472 1938) 193 
GutToOwsKkI, H Phys. Rev. 83 (1951) 1073 ; ReEIF, F Chesis, Harvard University (1953 
NORBERG, R. E. and SLicHTER, C. P. Phys ‘ : RAMSEY, N. F. Phys. Rev. 86 (1952) 243. 
1951) 1075 32. JAHNKE E. and Empr, F. Tables of Functions (New York, 
Pounpb, R. V. and Knicut, W. D. i ist Dover Publications, 1945 
1951) 219 33. Mott, N. F. and Jones, H op. cit., pp. 170-173 
WATKINS, G Thesis, Harvard University (1952 34. FRIEDEL, J. Phil. Mag. 43 (1952 
BLOEMBERGEN, N. J. App. Phys. 23 (1952) 1383, 35. ABRAGAM, A. and Pryce, M. H 
PouND, R. \ Phys. Rev. 79 (1950) 685 A205 (1951) 135. 

]. Phys. Chem. (to be published 36. ABRAGAM, A. and Pryce, M. ‘ » published. 


746 

| 
6 

4 

10 

11 

12 

13 

14 

15 

16 

17 

1S 


HEAT CAPACITY AND RESISTANCE MEASUREMENTS FOR 
ALUMINUM AND LEAD WIRES* 


E. POCHAPSK Yt 


Heat capacity and electrical resistance measurements are re ported for aluminum and lead at 
f 


atures ranging from room temperature to near the melting point of each metal. A pulse heatin 
is used. The results show that both the heat Capacities and te mperature coefhcients of 1 
increase with temperature in such a way as to suggest that they are influenced by a singh 
process rather than by impurities. Although this behavior may possibly be explained 
complete theory of anharmonic lattice vibrations, evidence is presented to suggest a possible 
ship between the anomalies and the presence of vacancies. Interpreting t xcess hea 


} 


DY 


in terms of the heat of formation of vacancies, however, requires m 
expected on the basis of self-diffusion experiments 


MESURES DE LA CAPACITE CALORIFIQUE ET DE LA RESISTAN( 
D’ALUMINIUM ET DE PLOMB 


Des mesures de Capac ité calorifique et de résist LICE 
et le plomb, aux températures allant de la températ 
fusion de chacun des métaux. Une méthode de cha 
montrent que les capacités « ilorifiques et les coefficient le temper { | i sta 1ugment 
avec la température d'une maniére qui fait croire, que t x son uencés par un process 
active, simple, pl itdt que par des impure tés M I Pt 
par une théorie plus compléte de vibations anharmonigq 
sur les faits présentés, qu'il peut y avoir une relation « 
L’interprétation de l’excés de Capac ité calorifique ¢ 
nécessite un plus grand nombre de la | 


d’autodiffusion. 


MESSUNGEN DER WARMEKAPAZITAT UND DES ELEKTRISCHEN WIDERSTANDES 
AN ALUMINIUM UND BLEI-DRAHTEN 


Es wird iiber Messungen der Warmekapazit d des el 
\luminium und Blei im Temperaturbereich, das sich von Zimmertem 
punkt des betreffenden Net ills erstreckte per tet. | wurde « 
wandt Die I ree bnisse Ze ige d iss sowohl ( 
des Widerstandes in einer Weise zunehmen, di 
Vorgang beeinflusst werden und nicht durch Ver 
weise durch eine weiter ausgebaute Theorie 
werden kénnte, wird an Hand der dargestellt 
\nomalien und ce m Vorhande nsel von | ee! 
Warmekapazitit als Bildungswarme vor 
auf Grund der Selbstdiffusionsversuche 


I 

1. Introduction 
Above the Debye temperature, the heat Capacity 
of a metal at constant volume is expec ted to ch inge 
with temperature because of electronic contribu- 


tions and because of anharmonicity of the lattice I I fa millises 


[1]. Existing theories, at least as far as they have hnique in order te 


been developed, show that both these influences 
should produce a linear change with temperature. 
Consequently, if actual measurements of the heat 


capacity do not exhibit this behavior, it may be 


suspected either that the theoretical development 


is incomplete or that additional mechanisms are 
involved. 
Among metals melting at low temperatures, the 2. Experimental Procedure 


alkali metals stand out as having a_ behavior When a fine wire is 


contrary to that expected. Recent careful work balanced Wheatstone 


t] 
ie 


shows that the heat capacity of sodium [2] 1 introduced 1 


*Received June 6, 1953 
TInstitute for the Study of Metals The | \ 
Chicago, Chicago, Illinois 
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of a ballistic galvanometer detector, 
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the current and constants of the circuit are known. 


An accurate initial balance of the bridge is not 
necessary if two equal and opposite current pulses 
are used consecutively. Furthermore, if the pulse 
separation is made variable, the cooling of the 
wire can be studied and so any variation of heat 
capacity can be determined over the time range 
used. 

This double-pulse method is used in the present 
a description of details to be 


that 


measurements. In 


elsewhere [4], it is shown the 


published 


specific heat capacity of the metal used in a wire 


specimen can be written 


[2 ) 
mMGo/ spec \ RR’ piat 


4 


In the parenthesis, Rk is the specimen resistance, 


R’ the temperature coefficient of resistance, m the 


mass and G, the galvanometer deflection extra- 


polated to zero pulse separation. Corresponding 


quantities for a platinum calibrating specimen 


appear in the second parenthesis. The quantity 
A is 


terms 


the made in assuming that various 


error 


remain constant during each pulse; it 


represents an error of less than 1 per cent. 


Specimens, in the form of wires approximatels 


5 mils in diameter, are tested in a vacuum furnace. 
Phe, 


rods to minimize plastic flow at high temperatures. 


are supported on a frame of slender quartz 


\n oil diffusion pump is used without a cold trap. 
taken during heating and cooling 
lead 


additional 


Readings wer 
Each specimen was 


data 


for. aluminum and for 


tested twice and were obtained 


for a second wire of each metal. Cooling curves 


only were obtained for extruded wires of distilled 
sodium; tests on this metal were made during the 
development ot the apparatus and were not carried 
to the point ol obtaining heat capacity measure- 
ments. Spectroscopi analysis atter testing shows 
the aluminum to have been 99.9 per cent pure, with 
05 per cent silicon and .03 per cent boron as the 


The 


question ible bec ause it was detec ted in only one ol 


principal impurities. presence of boron is 
three wires. The lead was 99.99 per cent pure and 


had 


\ film noticed on the aluminum after testing was 


a remainder of aluminum, silver and silicon. 


ipparently carbon; no progressive contaminating 
effect was noticed during the course of the measure- 
ments. 


The temperature rise per double pulse rose with 


the furnace temperature, and, near the melting 


point, was about 2°C for the lead and 5°C for the 


aluminum. 
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Resistances determined during the tests are 


considered accurate to a fraction of | per cent and 


temperature coefficients are probably correct to 


2 per cent or better. Wire temperatures, obtained 


with a calibrated platinum—platinum +10% rhod- 
1°C. The 


trivial. 


ium couple, are considered known to 


cooling curves show heat losses to be 


Variation in the individual heat capacity determina- 
using smoothed coefficients, 


tions, temperature 


was approximately 1°% for a given wire. Con- 
sideration of all sources of error suggests a Maximum 
error for the absolute heat capacity of less than 5 


per cent. 


3. Results 


Smoothed values obtained at various tempera- 
tures for the resistance, the temperature coefficient 


of resistance, and the molar heat capacity of 


aluminum and lead are shown in Tables I and II. 
Che heat 


shown there, C,, are 


constant volume 


the 


molar capacities at 


derived from relation 


aAl 


which is based on the assumption that Griineisen’s 
The 
constant A is determined by evaluating the exact 
the 


constant is independent of temperature 7. 


thermodynamic relationship between heat 
capacities at room temperature where the experi- 
mental quantities are known. Thermal expansion 
coefficients, a, are based on the results of Uffelmann 
[5] and of Stokes and Wilson [6] 
work of Wilson [7] and Hidnert [8] 


the heat 


for lead and the 
for aluminum. 
Experimental points for capacities 
obtained from smoothed values of the temperature 
coefficients of resistance are shown in Figure 1 for 
the two lead specimens and in Figure 2 for two 


runs on a single aluminum wire. The solid curves 
represent the best fit for all measurements and are 
compared with the results of other observers in 
Figures 3 and 4. 


After 


wires cool with 


introducing the first pulse, the metal 


a time constant of a few seconds. 


The initial cooling rate is prac tically independent 


of temperature, presumably because the most 


important initial thermal loss is caused by conduc- 
tion at the ends of the wire. For an aluminum 
specimen of the size used, the decrease in galvano- 
meter deflection after .02 seconds is 2-4 Wh at all 
Similar 


aluminum, platinum, and sodium after .02 


temperatures. constancy is obtained for 


lead, 
second and 0.1 second. 
An 


attempt was made to find possible gross 


— 
= 
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FIGURE 1 


lead spec imens 


the ilvanometer deflecti 


than exper ted at small separ 


higher for pulses separated bi 


second When the imbient 
increased however, 


produced a perman 


tance of the specimen 


4. Discussion 
\lthough an absolute uncertai 


FiGURE 2. Experimental points for heat ity duris cent might be expected 
two runs on one aluminum specimen 


other investigators [9] shows tha 

changes in the galvanometer deflection near the. 

is much smaller. This comparison is 
melting temperature of lead. A 5-mil lead wire, : 
Figures 3 and + where the values 
held at a temperature a few degrees below the : 
Kelley [9] should be n additional 
melting point, was pulsed with enough current to 
‘ cause they represent t evalua 
raise the temperature of normal lead approximately , 
work prior to aoes, however. 
degrees per double pulse. \lthough the resistance 
rependence on 
at low currents remained at the expected value, 

more 


] 


is evident 


1OnS 
The results 
obt iined 
lower tempera 
ove! | pel cent lowe! 
probably hex | 
respect to platinu 
of the measurements is 
al shapes of the he 
\ plot ol c, against 7 
Same general teatures 
hoy : he rise above a linear increase persists at high 
FiGuRE 3. Heat capacity of lead compared with results of temperatures, ind overestimates of ne 
observers noted in Reference 9. Solid curve, present r¢ { 
dashed curve, Kelley; A Wlinkhardt e Griffiths f 
Griffiths; + Schiibel; & Awbery and Griffiths; A Magnu consequence Ol using the Gruneisen relation 


correction suggest that the similarity is not 


- 
- 
FS Experimental p ts for heat capacities of two FIGUI | He pacit f I 
re lt hed « e, Kell Ser \ ‘ 
| Crifht \\ t, M L) > A \M 
was 10 per cent higher 
cent more than 0.1] 
vas found that eacn 
A 
953 MPERA OY of nearly 5 per 
n the results tor the heat 

Capacluics, a With the measurements Ol 
tu | error 
tt ted 

| 

( | 

temper 
per tures 

mut i) the present as well as past determi 
i I 
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Examination of the values of the temperature 


coefficient of resistance shows that they increase 


with temperature in a manner similar to the heat 
correlation between these 


capacity. An accurate 


two quantities is not necessarily to be expected 
because the resistance depends on the electronic 
the lattice 


thermal 


well as on changes in 


structure as 


produced by heating. A change in the 
expansion coefficient with temperature, for instance, 
would be expected to be accompanied by a change 
in the temperature derivative of the 
coefficient 

The increases in the heat capacities and the 
that 


contamination. 


not 
Alu- 


much 


coefficients are such they do 


attributable to 


resistance 


seem to be 
minum of the purity used might have a 


than observed within 50°C of the 
that 


larger anomaly 


melting temperature, provided the foreign 
material is soluble in liquid aluminum and not in 
the solid, but the dependence of the heat capacity 
on temperature would then be appreciably different 
from that observed. Such impurity melting should 
varies as 


heat that 


at a temperature 7 below the melting 


produce an excess capacity 


temperature 7). There is sufficient scatter in the 


individual measurements for lead to make it 


impurity melting on the basis of 
Such a 


diffi ult to ex¢ lude 


the shape of the heat capacity curve. 


process is doubttul be ause the resistanc e measure- 


ments, carried closer to the melting point than was 


possible with the he capacity measurements, 


showed no evidence of a rise due to impurities. 


vanometer deflections obtained with 


he large ga 
‘ad wire neal the melting temperature 


result of an increase 1n 


nee associat melting 


very 
to the melti 


the results obtained are 


pure lead and aluminum and that 


metals 


behave in a manner similar to 
The 
anharmonicity of 


hand, 


the results shows that the anomalies may be 


sodium increases may be 


the 


ms ol 


tions. On the othet an analysis 


ised b n activated 


pre ICeSS. 


If an ictivated process is assumed, the 


itv anomaly for aluminum is 
of 27.000 cal 


such as to 


require an activation energy mole 


while that for lead requires about 11,000 cal/mole. 
Corresponding values for the excess temperature 


coefficient of resistance are 18,000 cal/mole and 


15.000 cal/mole. The heat capacity at constant 


pressure was used in these determinations. Similar 
obtained if C 


values are is used, but the ac curacy 


RGICA, 


resistance 


1953 


VOL. 1, 


of the C, — C, correction is probably not sufficient 
to give the latter calculation any more significance 
than that obtained from C,. The energy obtained 
from the heat capacity of lead cannot be considered 
that value is sensitive to 


the 


very accurate because 
the 
scattered points shown in Figure 1. The data are 
that that 


obtained from the resistance coefficients. 


manner of drawing a curve through 


such the energy could just as well be 


the total excess heat and the activation 
energies, the 
computed to be about 2 X 10 


melting point. Calculations based on the published 


From 
units was 


the 


number of activated 


per atom at 
heat capacity of sodium [2] suggest an activation 
energy 10,000 cal/mole and 
activated units of 1.7 * 10 

\ comparison of these energies with those found 


of about a number of 


at the melting point. 
in self-diffusion experiments |10] suggests that one 
might attempt to relate the excess heat capacities 
to the processes responsible for self-diffusion—in 
particular, to the formation of vacancies. For many 
cubic metals, a 10 fraction of vacancies per atom 
at the melting point is not unreasonable provided 
that half the free energy of the diffusion process is 
assigned to the formation of vacancies. On the 
other hand, from the heats of formation obtained 
in the present work and half the entropies obtained 
from self-diffusion measurements a fraction of 
or 


that 


less, seems more likely. It can be argued 


the values of the energies determined here 


suffer because of experimental errors and because 


thev are obtained from the heat Capacity at con- 


stant pressure. Then, because the concentration of 
vacancies is highly sensitive to the heat of formation, 


a 10~* fraction cannot be definitely excluded on the 


basis of the second estimate. It should be noted, 


however, that the fraction of vacancies calculated 


from the total excess heat is relatively insensitive 
to the errors mentioned. 

It was originally hoped that the speed ol meas- 
urements would be sufficient to permit measuring 
before vacancy 


the heat capacity equilibrium is 


established in the lattice by diffusion from mosaic 


boundaries or dislocations. Then, generation of 


vacancies would cause abnormally fast cooling of 
the wires after the initial pulse. For an equilibrium 
vacancies per atom at 


the 


concentration of only 10 
the 
should 


melting temperature, cooling curves 


the 
the 


show a detectable anomaly in time 
.0O1 to .100 sec. 


is changed by the production of vacancies. 


range provided that ratio 


R'/C, 


This latter condition is apparently not satisfied 


by lead within experimental error. The cooling 


anomaly which might be expected for a 107 


resist 
lt is beheved ha 
these two 

h-purit 
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fraction of vacancies in the case of aluminum, and, PABLI 
possibly, sodium was not observed. Nevertheless, 
the method of attaining equilibrium is not under- 
stood well enough to set an accurate time limit for 
the equilibration of vacancies and a time shorter 
than a millisecond is not unreasonable. 
If anomalies exist in the metals considered here, 
it is reasonable to expect that they should also be 


present in other materials. As shown by the work 
000 L .QOO 


of Carpenter [11], they do not occur in mercury, 
206 


bismuth and iodine. Then, the increases in heat Es 
capacity found for the cubic metals investigated ia 
may be caused by a mechanism sensitive to crystal 
structure. 

The results described in this report are unusual 
enough to suggest that further studies be made of 
the three metals investigated. One merit of the 
procedure is that verification of the heat capacity 
results can be made by means of independent 
resistance measurements. Such measurements on , 
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LETTERS TO THE EDITOR 


The Nucleation Problem in Deformation 
Twinning* 

A number of investigators have in recent years 
iccumulated results pointing to the existence of a 
critical shear stress, resolved in the twinning plane 
which determines at what applied 
Most of this 
1]. We were 


perturbed to note that quite different values tor 


ind direction, 
stress a twin will appear and spread. 
Barrett 


evidence has been listed by 


this critical stress were obtained by three research 
9 { 


parable purity. Room temperature values were 


. each using cadmium crystals of com- 


eroups 


140 + 40 [2]. 420 + 50 [3] and 50 + 257 [4] gm 


mm?*. Experiments were accordingly undertaken 


with crystals oriented so that there could be no 
slip, to see how such divergence could be accounted 
Zinc, 
similar to that 
cally 


were 


for which has a twinning crystallography 
of cadmium, was used. Electrolyti- 
diameter 


the 


polished crystal wires 1.5 mm in 


tested in tension a Polanvi machine, 


relaxation of the stiff beam being used as twinning 


This was found to be very sensitive 


indicator 


the stress values for 


published critical 


zinc [5: 6], we e it a resolved 


500 gm,/mm*, or an applied 


No trace of 


it loads up to 8 


shear stress ol ibout 
twinning was to 
10 kg, 


fractured in this range. Twins 


load of some 1500 ¢m. 
be found, however, and the 


lly 


were seen in the immediate vicinity of the fracture, 


specimen eventus 


but since cry ils examined in the machine at 


stresses only slightly below the fracture stresses 


were ent rely devoid of twins, we attribute this 


localised twinning to the stress concentration 


arising at the instant fracture. 
loads ot 


had 


and were seen to contain 


specimens twinned readily at 
These 


bent in 


were specimens which been 


handling 


some small twin wedges before testing. Once a 


specimen contained full-size twin lamellae, further 
loads of only 1-38 kg. In 


twinning occurred at 


another series of tests small indentations were 
made in the crystal while it was under load. If the 
load exceeded about 6 kg, a violent burst of twin- 
ning——-reminiscent of burst of martensite transfor- 

was the invariable result of indenting the 
that 


a crystal was indented before 


mation 


crystal. It is noteworthy the indentations 


were so small that if 
loading, no twins were formed at loads as high as 


9 ke. 


*Received July 2 1953 
ot 


estimate 


l 
the experimental scatter 


We believe that these preliminary results indi- 


there are three characteristic stages in 
The 


shaped twin, 2) the spread of this twin across the 
| | 
the 


cate that 


twinning: (1 creation of an initial wedge- 


thickening of twin lamella, 


the 


crvstal, (3) the 


generally accompanied bv creation of new 


twins. These three processes require stresses de- 


creasing in the same order. The stress for process 


1), or nucleation, cannot be measured, since it 


requires a mode of loading that provides low al stress 
Perhaps the 


concentrations (pinpricks, bending 


experiments of Ancker [7] give a rough 


She found that internally 


recent 
indication of this stress. 


strained zinc crystals having locally a_ strain 


Ang 
oa,;a™ 


weeks 
lattice 


spontaneously twinned some 
after they were made, thereby dispelling the 


strain. This strain corresponds to a local tensile 
stress, parallel to an a-axis, of about 100 kg/mm’. 


If we assume that the shear stress in the twinning 


plane is of the same order, this is about 40 times the 


highest stress at which we found the sudden load 
drop that accompanies the spread of a twin nucleus, 
and some 100 times the highest applied stress re- 
quired to create fresh twins. The easy nucleation of 
attributed to the 


at the 


later twins must no doubt be 
stress concentration which is known to exist 
interface between the parent crystal and the ori- 
ginal twin; similarly the ease with which an exist- 
ing twin can spread across the crystal can be put 
down to the stress ¢ oncentration at the apex of the 
spreading wedge. 

Thus it appears that in tensile experiments one 
never measures the true stress needed to nucleate 
a new twin. If a crvstal twins at all before it breaks, 
this must be because it contains twin nuclei already. 
The stress at which a nucleus will spread is variable, 
and this gives us an explanation for the great 
variety of published mean values for the ‘twinning 
of course eminently 


stress’ of cadmium. It is 


the spread of an existing twin 


reasonable that 


should to 
critical shear stress law. It remains to explain why 


a first approximation be subject to a 


each research group has obtained values for this 
stress in quite a narrow range. One way to explain 
this is to postulate a dependence of the critical 
stress on lattice perfection, which has been shown 
to have a powerful influence on the spread of twins 
in calcite [8]. The above views make it necessary 
also to postulate that a wedge-shaped twin, as it 
spreads, becomes suddenly unstable and thereafter 
offers a greatly reduced resistance to spreading, 


There is good precedent for this in the behaviour 


/ 
slightly 


rO 


The 


loaded crystal in producing a burst of twinning 


of calcite [9]. effectiveness of indenting a 


(see above) suggests that the kinetic energy of a 
rapidly spreading twin is an important variable 

Work is being continued, with special emphasis 
on attempts to study separately the various stages 
of twinning. This note is published by kind _per- 
mission of the Director, Atomic Energy Research 
Establishment. 

BELL and R. W. 

Department of Metallurgy 
University of Birmingham 


Birmingham 15, England 
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Thermodynamics of Surface Adsorption* 


“Mechanism of 
Speiser 1] 


In a recent paper entitled 


Temper Brittleness’’, Spretnak and 


considered the thermodynamics of surface adsorp- 


tion and derive the equation 


(1 dT dT 


where y is the surface tension, 7 the absolute 


temperature, ue the chemical potential (or partial 
the 


the 


molal free energy of the solute, and I.» its 


surface concentration (moles per unit area) ol 
solute. The above authors state that Mu is negative 
and consequently “‘the temperature coefficient of 
I's is positive when the temperature coefficient of 
surface tension is negative.’’ It is the purpose of 
this note to point out that equation (1) is in error, 
to derive the correct expression for the temperature 
variation of surface concentration, and to show 
the particularly simple form taken by this equation 
in dilute solutions. It is apparent that equation (1 


is a very unusual type of thermodynamic equation 


*Received June 18, 1953; 
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since it implies that one can definite 


assign l 
magnitude and sign to the partial molal free energy 
uo, Whereas in conventional thermodvnamics only 


changes in free energy are measurable and uz 


is undefined to within an arbitrary additive 


One 


itself 


constant does not expect, therefore, to be 


able to draw conclusions based on the 


Che error lies in Spretn LK ind Speiser’s equation 


\) where the, equate the entrop\ to the total 


derivative with the 
Gibbs 


rather 


respect to temperature 


Iree-energy tunction ol the 


than the partial derivative 


pressure, Surtace tension, 


tion. 


Che correct expression lol the temperature 


be 


approat n 


variation of surface concentration may 


shall follow the 


Kor 


svstem Guggenheim shows (p 


do SO Wwe 


obtained. To 


used by Guggenheim two-componel 


that 


where . is the 


and Ss are 


surtace entropy pel unit 


partial molal entropies of 
the bulk phas« 
Che ire 


area in the surface lavet 


and solute respectively in 


is the mole fraction of solute the 1 


ber of moles per unit 


will depend therefore on the irbi rar\ bound 
which is chosen to separate the surface layer from 


the bulk material. However, as Guggenheim shows, 


which 


ibbreviate by I 


the quantities 


invariant to the position ol this dividing 


provided it is outside the region Ol concel 


gradients. In equation constancy of 


pressure 1S 


issumed so terms invol /P have bee 


| here 


hosen as 1 


n droppet 


remain two ‘ndent variables which 


and 


darv between two 


Ol 


then, if the relative rient 


iS held 


needed to | ify 


ition 


const two lependent 


Further 


compositl 


tne system. 


be ol the identit ol 


rains of the same ph ise, I’ 1s indepen 


positions of the two dividing surface 


they are in the region of constant 


composition 
he treatment given here also applies to urface 


a solid attenuated 


Pp 


is between 


between or liquid)phase and an 
214 


two 


vapor |2, 216]. If, however, the boundary 


different solid phases, such as 


alpha- and gamm i-iron, there is one less degree of 
freedom and only one independent variable may be 
this case 


chosen. In the equations become more 


complicated and will not be discussed here. 
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At constant temperature equation (2) becomes 


Ox) 


which is the Gibbs adsorption isotherm. By 


differentiating equation (3) with respect to tem- 


perature at constant x one obtains 


oxaoT = or /aT 


+ 


| — 


0 Ox 


0xO0T are obtainable from a 


knowledge of the thermodynamic properties of the 


Opo/ OX and 0° 


a measurement of surface 
and 


and its 


bulk phase so that from 


tension as a function of x one can obtain 


the surface concentration temperature 


derivative. 
is neces- 


In order to use equation (3) and (4) it 


sary to have information about the activity of the 
solute in the condensed phase. There is an impor- 
tant simplification of these equations that may be 
the r dilute solutions. In this 


made in ange of 


range Henry’s law |3| is valid for the solute and the 
variation with composition ot the chemical poten- 
tial of the solute is a colligative property, depend- 
ing only on the mole fraction. Then 

R7 oxol = R/x. 


x and 
Equations 3 t) become 

5 (04 = RIT 

6) /x]/dT).- = — T(0*y/dxdT 


It should be that the validity of 


equations (5 


emphasized 


and (6) does not depend on an 


issumption of ideal solutions laws, but is valid for 


iny solution in the dilute range where the activity 


the solute is proportional to its mole ira tion. 


» analozue for surface adsorption effects of 


iar van't Hoff law of freezing point lower- 


ange one would also 


the dilute solution r 


expect to be a _ constant independent of 


is the distribution coefficient 


composition since it 
between the surface and bulk phases. If the surface 


tension is found to be a linear function of x, then 


dilute solutions and Henry’s 


assumption of 

Ww is experimentally verified. In this range I'/x is 
function of temperature only and so one may drop 
the requirement of constancy of x in the tempera- 


ire derivatives of equation (6) and may therefore 


use data where the composition is different at 


different temperatures. 


Ordinarily the amount of solute in the surface 


will be negligible in comparison to that in the bulk 
material and one may set x equal to an experimen- 


tally measured mole fraction of solute which 
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bulk 


amount ol 


material. If, 
total 


includes surface as well as 


however, an appreciable the 
solute is in the surface phase, then care must be 
taken to identify x with the composition of the 
bulk phase. In such a case the observed value of 4 
at constant temperature and over-all composition 


will be found to be a function of the surface-to- 


volume ratio. 

J. W. Stout 
Institute for the Study of Metals 
The University of Chicago 


Chicago, Illinois 
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The Structure of Gamma-Manganese* 
We 


comments on 


the following brief 


Morgan’s suggestion [1] that 


like to make 
Dr. 


y-manganese 


should 


pure may have a_ face-centred- 
tetragonal structure at all temperatures. 
1. Since publication of our work on manganese- 


X-ray 


temperat ures 


copper alloys, we have obtained several 
photographs of pure manganese at 
1100°C. 


We hope soon to publish details of this work and 


above These all show a f.c.c. structure. 


of the high temperature camera designed to 


investigate the structures of y and 6-manganese. 
2. The argument for a high-temperature tetra- 


Zener's 


anti- 


iorm ol based on 


that 


vonal manganese is 


suggestion the tetragonal form is an 
ferromagnetic superlattice, and Isobe’s observations 
of an increase in susceptibility with temperature. 
Although experiment disproves the suggestion, it 
is worth while briefly examining the basis for this 
argument which we believe to be invalid. 

Néel’s estimate of 1720°K for the antiferromag- 
netic Curie point in manganese was an early one 
substantiated by later evidence. Its 


and is not 


may be judged from the corresponding 
(4150°K 
tural complications arise. The neutron diffraction 
results of Schull and Wilkinson that the 
Curie points of 
-100°K 


respectively. It is possible that some or all of the 


validity 


estimate for chromium where no struc- 


[2] show 


actual antiferromagneti a-man- 


ganese and chromium are and 475°K 
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other manganese structures may be _ ordered 


antiferromagnetic arrays at temperatures above 
the Curie point for the a-phase, but this seems 
most improbable. Certainly Isobe’s results consti- 
tute no proof, since the susceptibility of chromium 
continues to increase with temperature to at least 
1400°C. As discussed by Kriessman [3], it does not 
seem possible to explain the sign of the temperature 
coefficient of terms ol 


susceptibility purely in 


antiferromagnetism or paramagnetism. 


3. Even if y-manganese is antiferromagnetic, 
we do not believe that this is responsible for the 


The 


weak in comparison with 


tetragonal structure. postulated magnetic 


forces would be very 


normal electronic interactions, and would seem 


to be incapable of producing the observed change in 
axial ratio. This remark also applies to Zener’s 
explanation of the b.c.c. structures in V, Cr, W, 


Mo, the 


not support his interpretation. More direct evi- 


and and neutron diffraction results do 


dence comes from the crystallographic mechanism 
of the cubic — tetragonal change. This is identical 
with that observed in indium-thallium alloys [4], 
but in the latter case a tetragonal structure with 


c/a > 1 is found. Since this cannot reasonably 


be attributed to a magnetic superlattice, some other 
the 


explanation (e.g., the nonspherical field of 
indium ion) must be sought. Any such explanation 
could also be applied a fortiori to manganese 
alloys, since the other crystal structures show 
unusual element. 


clearly that manganese is an 


Z.S. BAsINsKI and J. W. CHRISTIAN 


Inorganic Chemistry Laboratory 


Oxford University, England 
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Thermal Annealing of Radiation-Induced 
Hardness Changes in Alkali Halides* 


Vaughan, Leivo, and Smoluchowski recently 
have reported that proton irradiation increases the 
hardness ‘of sodium and potassium chloride {1}. 


The 


ionization produced by the bombardment rather 


hardness change resulted indirectly from 


*Received August 21 1953. 
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than from direct ionic displacements, since the 
number of the latter was negligible. 

Similar effec ts ol energeti parti le bombardment 
have been observed in this laboratory, as well as 
large increases in hardness induced by compara- 


X-irradiation.1 It has 


addition that hardness changes occurring 


tively low energy been 


found in 
under conditions where a large number of displace- 


ments may be expected differ markedly in their 


thermal annealing characteristics from those where 


damage is largely due to ionization. During the 


course of annealing experiments on bombarded 


below, it has been 


possible to isolate several distinct hardness anneal- 


crystals, which are described 


ing states, certain of which are associated with 


ibsorption bands ind have been 


the 


spec ific opti al 


annealing of optical 


he results obtained in 


correlated with thermal 


effects of radiation damage 


where ionization is the primary effect of 


Cases 


bombardment (particularly those in the c: 


X-ray-induced hardness changes 
the 


low -energy, 
and 


the 


monstrate significant role of excitons 


photoelectrons in causing large changes in 


physical properties of insulators, in contrast to 


radiation effects in other solid materials in which 


direct displacements or thermal spikes are chiefly 


responsible for lattice disorder and _ radiation 


damage. These effects of electronic excitation, 


which include the generation of isolated vacancies 
disloc itions, 


Seitz and 


by dissociation from clusters and 


processes discussed extensively by 


Markham [3], 


direct experimental determination of the number 


greatly complicate the problem ol 


of displacements in alkali halides through their 


influence, for example, on such crystal 


properties 


as the ionic conductivity. Electronic effects such 


be considered hye 
] 


as these unfortunately must 


among the primary causes of radiation damage 1 


the alkali halides. 


The materials studied in these 


experiments were 
NaCl KCI. 


Hardness measurements reported below were 


Harshaw Chemical Company and 
made 
with a Tukon tester, using the 136° inde1 

50-gram load. Depth of indentation was 6.7 X 10 
filar length. Since the 
two filar 


than 10 


mm per unit of diagonal 
the 
Che 


indentation diagonals were oriented approximately 


diagonals averaged one to units, 


depths usually were greater mm 


in the [110] direction. Values of DPH given were 


tThe effect of low-energy X rays on hardness has st been 
reported by Y. Li in another letter to this journal (1, 1953 
$55), who refers to a much earlier report of this effect in the 


Russian literature 
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obtained from the averaged results of at least five 
widely spaced indentations, the variation among 
indentations being between one and two per cent, 


comparable to the limit imposed by the filar 


eyepiece. Indentations were rejected whose dia- 


gonals were not equal, which occurred near steps, 


cracks, or other inhomogeneities, and near the 


crystal edges. 
The crystals were annealed on a massive copper 


block in a manually controlled oven, whose 


temperature, determined with an iron-constantan 
thermo-couple, was held constant within +2°C 
They subsequently were cooled on an aluminum 
slab at 


The diamond-point hardness of the unirradiated 


room temperature. 


KCI used in these experiments is 9.4. The effects of 
X-ray 


Figures |] 


and electron bombardment are shown in 


and 2: hardness increased due to both 


Ss 


oO 
a 
x 
z 
= 
a 
5 


JUMIRRADIATEO KCI OPH 94 


° 20 «625 30 35 


TIME AT ANNEALING TEMPERATURE T (MINUTES) 


Thermal annealing of radiati 


rded KCI (1 Mev, 


-induced hard- 
at 20°C). 


FIGURE 
ss in electron-bomba 
irradiations by over 100 per cent. The early parts 
however, indicate a 


the 


of the annealing curves, 


qualitative difference between effects of the 


two kinds of irradiation. 
the thermal annealing 


Figure 1. illustrates 


of KCI after bombardment at room temperature 
Mev 
DPH is plotted versus time at 150° 


quently at 200° and 350°C. An initial sharp drop 


with approximately 2yuah of one electrons. 


and subse- 
at 150° is followed by an approximately linear 
to a DPH of 14, 


perceptible annealing takes place at this tempera- 


decrease after which no further 
ture. The linear portion of the curve may be 
extrapolated back to a DPH in the neighborhood 
of 19.0 at zero time. The significance of this value is 
indicated by the curve for X-rayed KCI in Figure 2. 
(The X-ray source was North American Phillips 


CA, 
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type-32066 copper target tube operated at 50 kv 
and 20 ma, with the crystal immediately adjacent 
After a half-day or less of 
both the 


hardness 


to the mica window.) 
X-irradiation 


density 


these yndit iC ns, 


the 


under 


F-center and associated 
changes saturate, no further increases being obser- 
The illustrated in Figure 2 was 


ved. crystal 


T= 200°C 


DIAMOND POINT HARDNESS 


TIME AT ANNEALING TEMPERATURE T (MINUTES) 


FIGURE 2 Thermal annealing of radiation-induced hard- 


ess in X-rayed KCl (50 kv, 20 ma, 16 hours 


one exposed lor two days 
DPH of 19.0. 


from which it may be inferred that this is a satura- 


exposed for 16 hours; 


also yielded a maximum about 


tion value for the lattice defect configuration 


associated with the 150° annealing state. Exposure 
for one hour after the irradiation, which 


M, R, N, 


the colored crystal, had no observable effect on 


to light 
induced formation of and K centers in 
the hardness. 

While direct ion displacements do not occur in 
the X-irradiated crystal, an appreciable number 
should be produced by one Mev electrons. Whether 
the defects thus produced remain frozen in the 
lattice at room temperature is not yet clear; it is 
the 
unstable configuration exists in 


evident, however, from curve in Figure 1] 
that a relatively 
electron-bombarded crystals which is not present 
in those damaged by X-rays. Thus far the only 
absorption peaks found to be present in electron- 
bombarded crystals which are absent in those 
X-rayed at room temperature are the V,, N, and 
K bands [4]. One or more of these may be associated 
with the first annealing state in electron-bombarded 


crystals; experiments to determine this are planned. 


3 
| | | 
20 4 4 | + 4 
19 | | | | | | T= 350°C 
18 + + 
| | | | | 
23 
20) 
Ts 150°C Ts 200°C Ts 350°C T T if if 
10 4 4 4 + 4 
° 10 20 «(25 30 40 10 © 
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The behavior of NaCl is similar to that of KCI, 
as indicated by Figure 3, which is the annealing 
curve for an electron-bombarded crystal. The point 
at zero annealing time and DPH 33.4 is the hard- 
ness of another crystal after 12 hours’ exposure to 
the X-ray source. It lies on an extrapolation of the 
curve corresponding to the second annealing state 
in electron-bombarded NaCl, confirming the ob- 
KCl. The value of the 


servations on saturation 


NESS 


DIAMOND POINT 


Thermal annealing of radiation-induced hard 


FIGURE 3. 
i Mey, it 20°C 


ness in electron-bombarded KCI (1 5uah, 


approximately 
NaCl. 


anneal in 


hardness in crystals is 


X-rayed 
twice the original value, in both KCl and 
The hardness change during the 150 
with complete disap- 
The 


X-rayed and electron- 


KCl occurs simultaneously, 


of the F-band. only absorption 


pearance 


peak remaining both in 


bombarded crystals is a previously discussed [4] 
temperature-insensitive band in the neighborhood 
of 750 mu. This band is observed during thermal 
annealing of crystals colored by any of the presently 


chemical or photochemical methods pro- 


known 
vided the initial density of F-centers is substantially 
greater than about 10'7/cm*; it has been variously 
attributed to subultramicroscopic colloidal par- 
ticles [5] and to a new type of center [4] (Zwischen- 
That the hardness is not 
related to the F-band, 


measurements on 


initial high 
the 
is demonstrated by 


zentren). 
directly presence of 
however, 
additively colored KCl, in which relatively high 


concentrations of F-centers due to additive color- 


ing cause no hardness change whatever. 


THE EDITOR 


irradiated KCI ery 


150°C 


the stals 


The 


undergoing no further 


hardness of 


change al the tem- 


perature was raised to 200 \ rapid decreas 


hardness at this temperature, to a value 


somewhat above that of the unirradiated crvyst ls 
was accompanied in both the electron-bombarded 
of the remain- 


200 


and X-rayed cases by disappearance 


ing absorption bands; al the end ot the 


anneal the crystals were entirel cle is nat this 


hardness change is directly related to the change in 


absorption is demonst1 ited by hardness Increase 


colored cry during thermal 


in additively 


conversion at of the k-centers to the colloidal 


or Z band While the | centers themselves produce 
hardness, thermal conversion of 


Z band 


initial 


no increase 


-centers to the does deg 


concentration ot excess 


proportional to the 


Chis procedure is entirely reversible 


alkali metal. 
an additively colored KCI crystal 


10 


the hardness of 
originally containing 


is 9.8 when the absorptior 


which 
Z-band, 
together with complete reconversion 
band ‘conversion Z F t 

ystal containing 6 X 10 m *, at the sam 


10.9 


returns to in 


kes onds 


temperature, the hardness changing from 


be noted that the 
iated hardness ch inge 


the 


ind the 


occult n few seconds, n n the dark, 


process | ibout 


in davlight after whicl 


further changes in har observed 


hardness chang nstorm 


| in davlight 
stal 


act Ompan' 


a surtace the 


which is not penetrated 


ol the cr’ 


iable intensity of | being ul 


had 


appre 
Furthermore, 40 minutes at 150°¢ 


t either on the hardness o1 


KCI ervstal cont 


able eftec 
ibsorption ot a 
F-centers cm~*, when the crystal 
dark Che process does oct 
temperature but requires a mu 
is demonstrated by the curves in Figure 
by inserting a furnace into the specimen compart 
Beckman DI 


taking absorption curves as 


ment of a Spectrophotometer and 


the conversion pro- 


eressed. Thus far no evidence has been obtained 


of any difference between the final results of 


annealing in the light and in the dark, but further 


experiments are in progress to check this very 


important point.) The rapidity of the same process 
in the presence of light suggests that the thermally 


activated step in the transformation F —Z is 


757 
| 
HH 
| 
an 
32 } 
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| | 
22 | 
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the ejection of an electron from the F-center trap,* 
a process relatively improbable at this temperature 
unexcited state but highly probable 


from the 


when the electron is in the excited level close to the 
conduction band. 

\ 
200° annealing state in KCl. The corresponding 
at 250° 


an additional 


10-minute anneal is sufficient to remove the 


process was complete in two minutes in 
NaCl: 


no turther change occurring in 


INITIAL F CENTER CONCENTRATION 


OPTICAL DENSITY 


WAVE LENGTH (my) 


eight minutes at 250°. No attempt was made to 
isolate further structure in the hardness annealing 
both the NaCl KC] 


final he treatment at 


shown in 


crvstals were 


350°C, 


curves: and 


given a at whose 


are Figures 1, 2, and 3. Two 


at 350 


bombarded KCI to its original hardness of 9.4 while 


results 

minutes is sufficient to return the electron- 
two hours at this temperature brings the hardness 
NaCl 


only slightly above the unirradiated value, 16.3. 


of electron-bombarded to a value of 
[here may be little lattice damage in all of the 
be 
bombarded at 
ot 40 
Mev alpha-particles. Fragments of such a crystal, 
July, 1951 with 9.8 wah of 40 Mev 


alpha-particles in the Crocker Laboratory 60-inch 


Much more severe damage ma\ 


salt 


above cases. 


expected in a rock crystal 


liquid nitrogen temperature with a beam 


bombarded in 


cyclotron, were available for hardness measure- 


These crystals had been stored at room 
the took 
Figure 5 shows the results of thermally annealing 
one fragment at 330°C. While the general shape of 


ments. 


temperature since irradiation place. 


*This observation has been reported by Scott, Smith, and 
Thompson at the Symposium on Impurity Phenomena at the 
Knolls Laboratory, June 18-20, 1953. An additional possibility 
is that the thermally activated step involves the excited state 
rather than the ionized or dissociated state of the F-center. 
Some early work by Mollwo on coagulation of color centers 
in an electrical field makes this seem less probable, however. 
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the curve is similar to those described above, the 


annealing process is quite different. The bombarded 


crystal, which was completely opaque to visible 


light originally, became completely clear during the 


first 15 seconds of the annealing period, during 


which there was no change in hardness. Thus all 


the damage which annealed subsequently 


corresponds to that present in electron-bombarded 


ol 


DIAMOND POINT HARONESS 


TIME AT 330°C (MINUTES) 


Thermal annealing of radiation-induced hard- 


FIGURE 5. 
i NaCl (40 Mev, 9.8uah 


ness in alpha-particle bombarded 
at —170°C 


NaCl after complete removal of the 200° and 250° 
the LO 


curve, suggesting a 


annealing states. Points taken after first 


at 
diffusion-limited annealing process. Further experi- 


minutes time 

ments are necessary to verify this interpretation. 
This work was done under the Atomic Energy 

Commission Contract AT-11-1-GEN-S8. 
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Notes on Geisler’s Theory of Phase Trans- 
formations, with Special Reference to Indium- 
Thallium Alloys* 


Geisler [1] has recently proposed that martensitic 
transformations should be regarded as accompanied 
by strains, rather than generated by them. In 
discussing the validity of this concept, we shall 
refer especially to the indium-thallium transforma- 
tion, which he uses as one example. According to 
the 


there are eight possible tetragonal orientations in a 


previously accepted two-shear theory [2], 


given set of main bands, four for each direction of 
the ‘‘first’’ shear.t These eight orientations are all 
from those in a set of main bands at 90 
but at 60 


different 


degrees to the first set, main bands 


degrees contain one common orientation. There 
are thus 36 different tetragonal orientations which 
may be produced from one cubic crystal: in 12 of 
these orientations the ‘‘second”’ sheart has magni- 
tude 2e, and the remaining 24, 4e. 

The 
lattices may be represented asa single homogeneous 


| he 


ittice may be 


relation between cubic and tetragonal 


deformation for each tetragonal crystal. 
positions of the atoms in the cubic I: 


sper ified by, 
r 


where the vectors e; are ol length a, and define the 
cell, 


“m is even. The summation convention is 
After the 


cubic unit and m; are integers such that 


used. 
atoms lie at 


transformation points 


r’ = ime’, 


where the tetragonal cell is defined by the vectors 


e,’. The relation between e;’ and e; may be written 


= Me,. 


If we use the two shear mechanism, the matrix M 
[101] 2e, (110) [110] 2¢ 


Bowles and coworkers [2] to be 


for a transformation (101 


was shown by 


that the [111] 
that 


From this matrix it follows (a 


direction is unrotated and undistorted, (b 
the [011] [211] directions are unrotated if & is 


neglected in comparison with e. Since « ~ 0.01, 


*Received August 27, 1953. 

tWe use the terms “‘first’’ and purely for con- 
venience: they are not meant to imply any physical resolution 
of the atom movements into two components. 


“second” 


EDITOR 759 
this is justified. These three directions then define 
111), (O11 


unrotated planes, which are 


211 


Geisler 


three 
and | 
with the that the 


begins assumption 
nuclei form on 
11] 

relation is obviously 


The 4 {111! 


giving 12 


coherent planes according to 
110 110), 


that 


the relation 
Phis 
derived above 

110 


hese correspond to the 12 orientations obtained 


consistent with 


planes each contain 3 


directions parent ientations. 


by a second shear of 2e. The remaining tetragonal 


orientations are obtained by twinning the parent 


orientations. In order to explain the experimental 


pole hgure, Geisler assumes that only two ot the 


foul possible twins of each parent are tormed 


these are 
lO] 


Although he does not state so explic itl 
twins on the two {101} planes which have 

11] 
tation used 
lO] 


the 36 


direction in common with the conjugate 


plane. Thus for the parent orien ibove. 


the two possible twinning planes are and 


orientation 


DOSSIDK 


these Ions, 


correspond exacth 


| he 


theory, | 


tetragon i 


the two shear mechanism more detailed 


description ol (;seisler’s lOwevel 


some errors and inconsistencie 


Geisler states that aset Ol Ma bands cont ins 4 


ind twins, 1? orient 


Although each parent 


in 
} 


parent orientations 


tions in all. This is incorrect 


may torm two twins, ni in 1s 


pres I 


each of the two sets of ands which m 


tain the parent 


twi 
Ol] 


above, the parent ind the 


in main bands parallel to ind 
Oll) tw 
Phat 


the experimental work of 


in in the main bands 


must be SO 


and the 


lO] 


ws 


this 


) ] 
Owiles 


plotted the pole hgure trom 


bands, (b) trom the observatior 


of sub-bands are present in one main 


are on LOL} planes at 90 degrees to e 
whereas the two possible twill 
parent orientation are al 60 degrees to each other 


c) from strain energy considerations. It may be 
obvious, 
110 


readily shown, and is indeed physicall) 


that the parent orientation above and its 


twin will give zero macroscopic strain on the 
plane 


presentation 


plane, but not on any other 
Che 


circumvented, but 


error in Geisler’s mav be 


the whole theory then becomes 


much less plausible. In his Figure 4, the top portion 
of the diagram, showing main bands containing 
single sets of sub-bands, is still correct: we also wish 


to emphasise that the macroscopic tilt between 


LETTERS 
| 
953 1.23 
parallel to 
en, that if two sets 
M = e+ € 
€ 


76) ACTA METALLI 


T-1 is 


the 


the cubic surface and the main band P-1l, 
with that between the surface and 


two main bands. The part of the diagram showing 


identical 
main band and similarly for the other 
two sets of sub-bands in one main band is incorrect. 
The figure implies that one main band contains 
only three distinct orientations, and that there are 
four such main bands possible. The correct des- 
that one main band contain 
orientations P-1, 7-1, P-3, T-3, 
P-2, T-2, P-4, T-4. A main band containing P-l, 
T-5 (or P-3, T-7, 


scopic tilt about the intersection of the sub-bands, 


cription is may 


and the other 


T-3) would have a macro- 


both energetically unlikely and 


experimentally unobserved. Such a set of orienta- 
fact 


which is very 


tions would form, in two interpenetrating 


main bands. 


If we reject the inconsistencies of the original 


description, we are left with a possible mechanism 


for growth of the tetragonal phase, but this now 


requires that a main band containing two sets of 


sub-bands should result from the chance amalga- 


mation of two different parent nuclei and one each 


of their twins. Although single sets of sub-bands 


are observed more readily than double sets, this 


process is obviously implausible, especially when 


the occurrence of parallel colonies of such main 


bands is considered. 


Geisler ascribes little crystallographic signifi- 


cance to the main bands. In experiments on single 
and double interface transformation in indium- 
observed 


highly 


is plane, except 


thallium alloys [3], however, we have 


that the 


crystallographi 


interface always maintains a 


character, and 
possibly on an atomic scale. The reason for this is 
made quite 


ratio 2:1: In 


the strain can then be 
small, if the 
order to minimise the strain energy in this way, 


lattice 


that energy 


twins have thickness 


that the tetragonal must be 


finely twinned near to the interface: the observable 


it is clear 
twins in fact result from a « oarsening of the original 
twin structure [3]. In discussing his theory, Geisler 
proposes that motion of the main band perpendicular 


to its plane results from the simultaneous growth 


of parent and twin. If by this he implies that the 


parent and twin both extend to the interface, 
we agree that this provides a valid description of 
the growth. The atom movements, however, are 
then identical with those in the two shear process, 
since they must be coordinated one after another 
to give the observed tilts. We do not 
think that it is then meaningful to distinguish 


growth by 


surface 


atom jumps from growth by shear 


RGICA, 


3953 

process: since the atom jumps constitute a system 
of shears it is perfectly valid to regard the structure 
as generated by shear. 

We believe that this criticism also applies to 
Geisler’s general theory, and to related theories 
such as the atom-by-atom growth mechanism of 
Fisher, Hollomon and Turnbull [4]. Once a macro- 
scopic region of marensite product has formed, the 


surtace tilts must be 


produced by some pattern 
of deformation. If the agents of this deformation 
slip dislocations, twin boundaries, etc.) lie in the 
transformation interface, there is minimum strain 
energy, but the description of the erowth ol the 


phase by coherent atom movements is exactly 
equivalent to a double strain or similar mechanism. 
If the deformation pattern does not extend to the 
fully 
the 


the 


interface, the experimental results are not 


explained. There will be large strains at 


interface: in addition, phenomena such as 


reversibility reported by many workers (most 


recently by Newkirk and Geisler |5]) would not be 


expected, since plastic deformation is generally 
irreversible. 


We may 


Geisler’s growth 


summarize our views by stating that 


mechanism for indium-thallium 
modification it may be 
experiment, but it 


the 


is incorrect; by suitable 


made to agree with then 


becomes indistinguishable from two shear 


mechanism. This criticism in no invalidates 
that 
phase may result from the formation of coherent 


111} 
their 


way 


the possibility nucleation of the tetragonal 


platelets on planes. The growth of such 


nuclei and twins might originally require 


activation individual atomic 


but 


thermal energy for 


movements, would degenerate into a shear 


process as soon as a critical size was reached. 


Nuclei 


higher temperature would grow spontaneously as 


retained athermally by cooling from a 
soon as they became supercritical. 

Analogies between martensitic reactions and crys- 
tal erowth from the vapour have often been made. 
In martensitic reactions with rational habit planes, 
and in most examples of mechanical twinning, the 
edge of an incompletely formed plane is a trans- 
formation or twinning dislocation, and may be 
compared with the atomic step in a crystal growing 
the When the 
reaches a certain size, the transformation disloca- 
tion will glide with little or no thermal activation, 


spreading the martensite structure over the whole 


from vapour. incomplete plane 


atomic plane. There is thus a formal analogy with 
the crystal growth problem, the main difference 


arising from the elastic coupling between the 


phases in the martensitic reaction. The atom by 
atom theories (if they are at all distinguishable 
the 
formation of a 


from dislocation theories) must require the 


new two-dimensional nucleus on 
each succeeding atomic plane. The kinetics of the 
transformations do not support this interpretation, 
and in particular the formation of macroscopic 
not be 


cobalt, 


regions of homogeneous strain would 
expected. Thus in the transformation in 
the 
genous shear could be reduced by 


112 


{111} plane [6], and this would be expected since 


very large strain energy due to the homo- 


shearing ran- 


domly in the three equivalent directions of a 


the two-dimensional nucleus for each of these 


movements has identical energy of formation 
Similarly, the transformation in indium-thallium 
could proceed by much more frequent reversal of 
the first The 


surface tilts is strong evidence that the character- 


shear. existence of mac roscopi 
istic of martensitic reactions is the growth mech- 
anism and not the energetics of growth. This is the 
opposite conclusion to that reached by Geisler. 
The 
transformations, developed by Cottrell and Bilby 


[7] and by Bilby 


theory of crystal growth, and allows growth at 


dislocation node theory of twinning and 


[8] is the analogue of Frank's 


much smaller degrees of super-cooling. Finally, i 
the habit the 
advance rapidly into the matrix without the need 
the 


plane is irrational, crystal can 


for a generating node. In crystal growth 


problem, the irrational planes are rapidly removed, 


but if the parent phase is solid, the elastic energy 
forces the interface to remain irrational, and growth 


is by motion of the whole dislocation array. 
Z.S. BASINSKI and J. W. CHRISTIAN 


The Inorganic Chemistry Laboratory 
Oxford University, England 
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EDITOR 


Magnetic and Crystallographic Studies on 
the Higher Antimonies of Iron, Cobalt and 
Nickel* 

\s a continuation of a previous investigation on 


system chromium-antimon\ 1! the higher 


the 
Tit kel 


cobalt 


X ray 


antimonides of iron, were 


studied by magnetic, optical gonio 


meter methods 


annealing 


alloys were prepared by | ting and 


a calculated mixture of two compo 


evacuated and sealed lartz tubes 


LOO atom 


nents in) 


In the range 50 per cent antimony the 


following intermediate phases were found: FeSbs, 


( oSb NiSb 


been re pol ted prey iousl\ 


( oSh ind 


these CoSb: has not 
Che 


structure 


the marcasite 


From X-ray 


ind, 


diantimonides all have 


space group \ Pnnm 


diffraction diagrams taken on single crystals 


NiSb 


dimensions and 


in the case of irom powder diagrams the 


cell 


parameters u 


independent 


ible | 


unit 


ind ' were determined see | 


ALLOGRAPHI 


2040. 188 0.3555 


370.0. 195'0 360° 


S380. 22 0.36 


The keSb and ot ¢ oShb 


confirmed by optical goniometer measureme! 


ixial ratios ol were 


ts on 
single crystals. 


Cobalt has the cubic skutterudite 


¥ I m 


triantimonide 


structure (space group with the unit 


cell edge and parameter values as given in Table I. 


From the lattice constants and parameter values 


the interatomic distances in all compounds were 


determined. 


density of three of the compounds was 


Che 


measured by a vacuum pyknometric method, 


\ugust 31, 1953 


*Received 


LETTERS TO THE BE 761 
0.1-0.2). Of 
|] 
153 ( p b* c u \I S 
\},* 
FeSb 5.83 \6.55 |3. 2.90 
CoS ).596'6.373|3 . 62.82 8.24 
NiS 9. 2.8 7.85 
CoS 
Y O36 0.343/0.157'2.56 |'2.85 |7.62 
( 
hexa R80 5. 185 2.58 
i CU ‘ ‘ 
metric A P 
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Table I. 
calculated densities it 
18 a 
cobalt replaces antimony in the crystal structure. 


NiSb2,,; 


nickel positions. 


see By comparing the observed and the 


seems most likely that 


substitutional solid solution where 


has probably a structure with vacant 


The magnetic susceptibilities were measured by 


the Gouy cylinder method. The magnetic properties 


of iron diantimonide are shown in Figure 1. They 


TOOO°C 


may be described as an antiferromagnetism super- 


imposed by a weak and variable ferromagnetism. 
The ferromagnetic Curie point coincides with the 
500°C. The 


in Figure 1, which describes the anti- 


antiferromagnetic transition point, 


heavy curve 
obtained 


The 


describe the superimposed 


was 
700°C. 


ferromagneti state, tor samples 


quenched trom fine curves which 


ferromagnetism were 
obtained for slowly cooled samples. 

Between 183°C and 450°C the other com- 
pounds all showed weak, temperature-independent 
CoSb: 
Q.1-1Q07°: 


was found 


diamagnetism as_ follows: 
0.1 6- CoSb 


para- or 
x, = 4 
NiSb X The 
to be the case for cobalt mono-antimonide, CoSb: 
1.0—1.1-10 


magneti 


Yo 4 


Same 


x 
values were corrected for induced 


amounts: Sb: 


The 

diamagnetism by the following 

— 0.95-10-4; Fe: xmor 10-10-4, Co: 
and Ni: x 0.20-10 


From the corrected values for the molar susceptibil- 


ities the effective magnetic moments, ues; in Bohr 


calculated by the equation 


The 


magnetons, were 


V Xmoi* 2: results obtained are 


shown in Figure 2. 


Mett = 2.84 


The magnetic measurements were undertaken in 


order to find out whether the interatomic bonds in 


RGICA, 


yO... 1; 


these compounds are mainly ionic, afd derived 
the bonds are covalent, and formed by the d?’sp* 
the sp* 


of the antimony atoms. The latter bond model has 


from an ideal scheme or whether 


orbitals of the metal atoms and orbitals 


Ve magnet 


timol icle 


been suggested by Pauling and Huggins [3] for 


compounds with pyrite, marcasite and skutterudite 
structures. 
In Table II are listed theoretical values for the 


magnetic moments and the interatomic distances 


which are to be expec ted for the ionic as well as 


the covalent bond model. With the exceptions ol 


the distances between neighbouring antimony 


TABLE I] 


ORETICAI MAGNETI MOMENTS INTERATOMK 


DISTANCES FOR IONIC AND COVALENT BONDS 


omic distances 


covalent 


Me-Sb Sb-Sb 


2.83 
1.73 
0.00 


0.00 


atoms, the experimental results are best fitted by 
The 


theoretical 


the covalent bond model. small deviations 


between observed and magnetic mo- 


ments and between observed and calculated values 
for the Sb-Sb distance are regarded as a result of a 
transition towards metallic binding, whereby some 
of the valency electrons are promoted to an 
electron gas or conduction band. 

the unsaturated 


electron spins in the iron and cobalt diantimonides 


By decreasing temperature 


| 
3 
F 
eSbs 
2 
6 
| 
206 400 600 800 1000 
FIGURE 2 Effecti ic moments of the iron, 
cobalt nickel dian (in Bohr magnetons 
=! 
0 200 400 600 800 
re 
FiGURE 1. Magnetic susceptibility of FeS Hea curve 
quenched from HE (paramagnetic) Fine curves: cooled — 
Magnetic moment lnterat 
ionic 
Con { i 
poun lent Me-Sb | Sb-Sb 
FeSb 1 oo ™~3_0 2 82 2.56 
CoSb 5.92 2.57 
NiSb 90 “ 9 57 
CoSb 90 7 2.57 


interact antiparallel, and, in the case of iron 
diantimonide a pronounced antiferromagnetic state 
exists below 500°C. High-temperature X-ray studies 
on this compound showed that the thermal expan- 
sion coefficient along the c-axis is about 2.5-10~°, 
whereas it is about 0.2-10~° along the a- and b-axis. 
This is regarded as a result of the loosening of the 
the c-direction 


antiferromagnetic interaction § in 


It has not been 


the 


with increasing temperature. 


possible to decide, however, whether anti 


ferromagnetic interaction occurs directly between 
the 


the 


neighbouring iron atoms in c-direction, o1 


whether the neighbours in c-direction form 


ferromagnetic rows, which again are coupled 


antiparallel with each other. In the latter case the 


small superimposed ferromagnetism might be 


regarded as a result of a slight disorder in the 
stacking of ferromagnetic rows. It may also be the 
result of an ordered arrangement of lattice defects 
Néel has suggested for hematite and 


pyrrhotite [3]. 
The 


tron spins are regarded as mainly responsible for 


in the way 


interaction between uncompensated elec- 


The increase of this unit 


to NiSb 


ponds to a decrease in the number of uncompen- 


the length of the c-axis. 


cell edge in the sequence FeSb corres- 


sated electron spins from about two to about zero 
Surveying all known compounds with marcasite 


structure it is found that a short c-axis loellingite 


group with c/b = 0.50) is found for compounds 


with one or two uncompensated electron spins, 


whereas a long c-axis (marcasite with < 


0-62) is 


group 


found for compounds with no, o1 


practically no, uncompensated electron spins. 
1] the heat 


increases in 


According to K6érber and Oelsen 
formation of the diantimonides 
FeSb. to NiSbs. 


the nickel compound may be regarded as a result 


sequence The higher stability of 


| 


of the closely filled electron orbitals as compared 


to the cobalt and iron compounds which have 


incompletely filled electron orbitals. Similarly, the 
fact that cobalt is the only one of the three metals 
which forms a triantimonide is regarded as a result 
of this compound being the only triantimonide with 
closely filled electronic orbitals. 

A detailed communication on this investigation 


“N.T.H.-Trykk,”’ 


and will be supplied from 


Prondheim, 
The | Jep irt 


is in print at 
Norway, 
ment of Metallurgy on request. 
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1. HARALDSEN 
Matt 


on Paper by Tiller, Jackson, 


Rutter and Chalmers* 


Comment 


| iller, 


halmers 


In a recent paper in this Journal |1], W. A 
Ix \. Jackson, \\ 4 


discussed solidification 


Rutter and 


solute segregation during 
diffusion 


Cher 


mathematics of segrega 


from the melt, for the case where 


only 


i. valuable addition to the 


mixing process in the liquid have n 


gation bi from 


treating the opposite extreme 


case of complete mixing in the liquid, previously 


considered by others. The purposes of this note ar 


to indicate the nature 


of the equations which 


eovern in the intermediate range, where mixing in 


the liquid is incomplete but nevertheless 


than attained by diffusion alone, which 


encompasses neart' ill situations net 


pl ICTiIce, ind to discuss certall 


ilso 
th ibove papel 
iterest 1s 


coethcient, yy, defined 


chiel 


parameter Ol 
distribution 
7 solute concentration 1! the 


that in the main body o 
diffusion-limited case, 

for | 
vali denoted simply) 


For 


ko. remains at the v 


lu k It ( 


approaches unity complet 


enriched lave1 


shown that in the presence of partia 


be re idily 


MIXINg, caused by convection OI Stirring, 


approaches a constant value between & and unity 


Hence, as has been indi ited y - the normal 


freezing and zone-melting equations derived for 


*Received September 26, 1953 
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the case of complete mixing are equally valid in 


the case ofl partial mixing, except for a_ short 


transition region at the beginning of the ingot, 


provided that the appropriate value of Re: be 
used. It is not, as the authors imply, necessary that 
complete mixing be achieved for such equations to 
alid Cheory ior Rett 


Burton, Slichter and Prim [3], 


\ and experiment are 


described by and 


by McFee |4 


15 on solutes 


In this connection the work of Hall 
germanium suggests that transport 
solid-liquid interface as well 


the 


esses 


influence value of Regs. 


the 


respect 


those in liquid 


With 


liquid distribution 


to single-pass zone-melt ing, 
C, ol 
the 


Figure 14 appears t 


diffusion at leading interface of the 
zone as C, should 


With 


statement 


negle 


molten have the value C) at 


this point. respect to zone-refining, we 


that the optimum zone 


IS 


question the 
length for purification is given by conditions 
that 


possible experimental 


for the reason these ‘conditions were derived 


for the poorest situation 


for doing zone-refining, namely, the absence of 
convection or stirring. 

P. PFANN 
Bell lelephone Laboratories, Inc. 


Hill 


New Jersey 


Murray 
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Strain Markings in Alpha-Brass* 
and H. Wilsdorf [1] 


of producing strain 


D. K. 


the possibility 


In a 


suggest 


recent paper, 
that 
markings on a deformed crystal depends on whether 
or not the original slip markings had an ‘‘elemen- 
tary structure.’ They argue that strain markings 
cannot be etched out on pure metals because the 
existence of the elementary structure makes the 
that the 
selective. Alpha-brass does not exhibit 


slip-line density so high etch is non- 
an elemen- 
tary structure and therefore its relatively widely 
spaced slip-bands can be selectively etched. 

The above explanation of strain-markings as- 


*Received October 1, 1953. 
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sumes that the material at slip planes in both pure 
metals and alpha-brass is somehow different from 
the unslipped matrix. However, this assumption 
does not seem to be entirely justified in the case of 
pure metals. On the other hand it does seem to be 
justified in the case of alpha-brass and _ thus 
explains why etching produces strain markings in 
this and probably other alloy crystals. 

As Fisher [2] has pointed out, the act of slip in an 
alloy crystal changes the short-range order pattern 
across the slip plane. This accounts for part ol the 
would be 


strength of alloy crvstals and, since it 


expected to change the chemical potential ata 
slipped plane. it may account for the appearance 
of strain markings upon etching. 

J. J. GILMAN 
Metallurgy Research Department 
General Electric Company 


Schenectady, New York 
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Nuclear Composition—A Factor of Interest 
in Nucleation* 

Nucleation in the solid state is a very complicated 
process. Therefore, theoretical investigations in this 
field deal with simplified models. Some factors 
neglected. 


the 


are examined while other factors are 


A factor that is 
certainty of the nucleus composition. It is 


usually neglected is un- 
not 
necessarily true that the nuclei which form most 
readily have the composition appropriate for the 
precipitate, when equilibrium has been established. 
In the present note this point will be examined, 
on the assumption that many other factors can 
be neglec ted. 

Gerlach |1] has found that the precipitate in an 
Au-rich Au-Ni-alloy 


at the beginning of 
Scheil [2] has explained this by starting from the 


has a higher Au-content 


precipitation than later. 
assumption that the surface tension of a nucleus 
depends on its composition in a specified manner. 
A thermodynamic treatment could be carried out, 
that 
for formation of nuclei with higher Au- 


which showed the probability should be 


greatest 
content than that of the equilibrium precipitate. 
Thus, under this assumption about the surface 


*Received August 31, 1953. 
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tension the nucleus should exhibit a composition be- 
tween that of the parent phase and that of the equili- 
brium precipitate. In the present paper a thermo- 
dynamic treatment will be carried out under the 
assumption that the surface tension of the nuclei is 
independent of composition. 

Figure | shows curves of the Gibbs free energy 


per mole for two phases (I and II) in a binary 
system. A and B are the two components. Suppose 
that 


composition x 


a homogeneous specimen of phase I has the 
[ts free energy per mole is repre- 
B 


repres¢ ts 


ible 


Che 


lami 


FIGURE 1 Free-energy diagram 
the parent phase. x; is the thermody 
nuclear composition. 


point 
illy most favour 


sented by the point o. The tangent in the point o 
gives, by its two intercepts at A and B, the values 
of the chemical potentials u§ and uw? for this composi- 
tion. The chemical potential is defined by bi 
0G , the Gibbs 


where G is free energy of the 
Ons 


A. Absolute 
the 


specimen and m, is the number moles 


chemical activity, A, can be obtained by 
definition uw, = RT In X,. 

The free energy of the specimen can be lowered 
as far as the point p, if the homogeneous specimen 
is split into one part of composition x, and structure 
I and another part of composition x, and structure 
Il. Thus it is evident that a precipitation of phase 
II should be expected on thermodynamic grounds 
Before the precipitation can take place, the nuclea- 
tion For this reason 
the 


beginning. One is therefore justified in assuming 


troubles must be overcome. 


precipitation process is very slow at the 


that the nucleus at the beginning ol precipitation 


is surrounded by parent phase of unchanged 


the 
composition Xx, 


composition. Then formation of a nucleus 


with the involves transferring 


as 1n 
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of the mole fraction x, B-atoms from a > with 
the chemical potential for B equal to yw? 


rhe 


transferrred 


with the value mole fraction 


M 


\-atoms are Irom pu, to 


energy dec rease pel mole nu leus is consequently 


| rom the 


(] M, Ms Mp 


Figure | it is eas\ t this 


yeo- 
metry ol free- 


energy decrease is the vertical 


distanc e Ag 


of the nucleus 


represented by 
if the point n represents the free energy 
does 


Unfortunately, the 


the 


not 
The 


units ol 


point 7 represent 


free energy of the 


hold only 


the additional contribution 


Curves 


Figure | for large the phases 
Because of 


from the surface 


energ\ 


energy tension, 


sm 


of phase surrounded by phase I[ will 


higher tree per mole than curve II shows 


Thus, formation of the nucleus 2 will not involve the 


dec rease Ag 


also contribute to the free energy, 


free-energy Stresses, 1f present, W 


but are neg lec ted 
the reason why the 


in this paper.) This is indeed 


pre ipitation is very slow at the beginning. [ ndet 
our assumption that the surface tension is indepen- 
dent of the composition, its counteracting efiect is 
overcome most easily at that composition, which 
largest Ag This 


favourable nucleus composition, x;, can be 


gives the thermodynamically 
most 
obtained by drawing a tangent to curve II parallel 
with the tangent through the point 0, representing 
the parent phase. Hence for this composition, 4 


one has 


Ap 
It should be noted that the creation of the most 
phase II 


change 


favourable composition for nucleatios 


involves a larger composition the 
parent phase than the creation of the equilibrium 


Che 
the 


phase I] composition more ited 


supersatul 


the parent phase 1S, more lt. iwav lies 


most favourable « omposition 


In a ternary system the thermodynamically 


most favourable nuclear composition isobtained 


by means of two parallel tangent planes. In sys- 


tems of more than three ¢ omponents a correspond- 


ing treatment is possible, although it is not easily 


illustrated geometrically. The same relationships 


a binary svstem will still hold. 


Figure shows that the equilibrium state 
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(k +7) has lower chemical potential for B(u' 


than the original specimen (ug). However, the 


equilibrium state has higher chemical potential tor 


than the original specimen (u{). If the 


atom 


A (p’ 
growth of phase Il takes place successively, 
by atom, which is not necessary, one can wonder 
how phase II has been able to receive A-atoms at 
all. These atoms have not, by themselves, moved 
from a state with low potential to a state with 
higher. By means of the thermodynamically most 
favourable nuclear composition one can give a 
satisfactory description of the process. When a 
nucleus of the favourable composition has become 
large enough, passed the critical size, it has lower 
potential for both of the components than the 
parent phase. Thus it can grow by receiving both 
kinds of atoms. Gradually the decrease of B-con- 
tent in the parent phase becomes appreciable and 
its composition is displaced to the left and finally 
reaches x,. During this process the chemical 
potential for A in the parent phase is raised to 
The nuclear composition is displaced at the 
same time and this finally reaches x,. This shift 
that all the time both 


the 


Way 


takes place in such a 


potentials are lower than in parent phase, 


surrounding the new phase. 

We have found that an increased supersaturation 
in the parent phase favours nuclear compositions 
which lie far from that of the parent phase. In 
the same way an increased supersaturation in the 


parent phase will also favour the nucleation of 


phases, the compositions of which lie far from that 


ol the parent phase Figure Zt. 2 sample that 


from the beginning consists of phase I of composi- 
in equilibrium contain a separated 


tion will 


phase II] of composition x; and phase | will have 
adjusted its composition to x,;. Before the separa- 
tion has had time to change the composition x 
+ 


of the parent phase, however, the formation of 


inother phase (III) will cause a greater decrease 
of the 
The figure 


phase III lies, 


supersaturation of the parent phase. 


per mole of separated phase. 
the 


energ\ 


shows that the further to right 


the more it will be favoured by 

\ carbon-rich carbide can be formed in the first 
stage of separation both from martensite [3] and 
[4]. The 
and the 


from supersaturated ferrite cementite 


does not come until later, carbon-rich 


carbide is then dissolved. Since the carbon content 
of this carbide is higher than that of the cementite, 
the reason for its formation may very well be that 
above. It is that graphite 


outlined probable 


nuclei can be formed much more easily from mar- 
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tensite than from ferrite which is in equilibrium 
with This 
example of the fact that increased supersaturation 


cementite. may also be taken as an 
increases the tendency to formation of phases with 
‘““distant’’ composition. 

On cooling of an unalloyed cast-iron melt either 
graphite may be formed. Then 
the 


supersaturation of carbon in the melt should at 


cementite or 
according to above argument, an increased 
every temperature favour the formation of graphite 
more than of cementite and thus increase the ten- 
dency to grey solidification. That is the case, too. 
This can, however, be explained in other ways [5]. 

Let the curves I, II and III of Figure 2 represent 
the free energy of melted cast iron, cementite, and 


that if the 


graphite. It is quite evident tree- 


gy diagram represents the 


Che point 


phase. Pha becomes more favored the more to 


lain further to the 


had 


left, an increased supersaturation of carbon in the 


energy curve of the melt 


melt would not have misfavoured the formation 


of cementite compared with that of graphite to so 
high 


cone eivable 


a degree as is now the case. It is therefore 


that an alloving element which has 


this effect of displac ing the lree-energy Curve ol the 
increase the tendency to white 


melt can thereby 


solidification. It is not altogether inconceivable 
that this may be a reason why so-called phosphide- 
eutetic, steadite, solidifies white. 

Mats HILLERT 
Metallografiska Institutet 


Stockholm, Sweden 
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BOOK REVIEW 


Modern Research Techniques in Physical 
Metallurgy. Cleveland, Ohio: American Society 
for Metals. Pp. 335. 

Science the 


the discovery of 


advances by perception of new 


theoretical ideas and new facts 


Both 


metallurgy from a merely descriptive to a quantita- 


these ways helped to develop physical 


tive science during the fifteen years from about 
1920 to 1935. that the 


theory provided 


During period electron 
an explanation of the electrical 
and magnetic properties of metals, and the dislo- 
cation hypothesis gave the clue to the explanation 
of their mechanical properties, whilst the applic a- 
tion of X-ray diffraction methods and the use of 
large single crystals yielded results of physical 
significance. The last fifteen years Or so have seen 
a refinement both in theory and in experimental 
techniques leading to consolidation and detailed 
the 


nence is given to theoretical developments and not 


extension of basic structure. Usually promi- 


sufficient attention is paid to the introduction of 


although these are particularly 


new techniques, 
important during the present phase in which more 
accurate measurements are required many 
fields. 

The volume under review contains papers and 
\merican 


Philadelphia during 


discussions of the annual seminar of the 
Metals 


October 1952. The papers deal with research meth 


Society for held in 
ods but emphasis is placed on the kinds of informa- 
tion that can be obtained. 

Kehl, in his article on ¢ ptic al Microsc opy treats 
phase contrast microscopy and the refle ting-type 
objec tive thoroughly and critically. He is doubtful 
about the wide applicability of the former tech- 
nique but stresses its usefulness for investigations 
of surface irregularities such as those caused by 
surface finishing, relief polishing and _plasti 
deformation. 

Field Emission 
Miiller. In this 


500,000 times are obtained by placing the specimen 


in the form of a fine needle in an evacuated tube 


Microscopy is desc ribed by 


method magnifications up to 


pointing to a fluorescent screen and applying a 


high voltage between the needle point and an 
anode. Electrons are emitted from the specimen 
and an image is obtained on the screen. Migration 
of crystal boundaries, condensation and adsorption 
phenomena are those to which the method has 
been applied; the building up of mono-molecular 


layers which cannot be observed with the conven- 


tional electron microscope has been shown by the 
new technique 
Electron Diffraction and 


Metals he 


are well known, but the 


usses 


Heidenrei h 


Microscopy ol techniques used are 


briefly summarized as 


collection of examples is of great metallurgical 


interest. 
Diffi 


Jarrett restricts his review of iction 


lechniques to improvements in the design ol 


X-ray 


in monochromatization 


tubes (to produce beams of high intensity 


ind in the’ various 


of counting tubes. It has been recognized 1 


years that many _ problems, 


connected with the deformation 
x ra\ 


and tor this purpose the us 


solved only intensities 
iccurately, 
radiation 1s 


and strictly monochromatt 


lhe 


notice ible 


i1uthor’s recent st 
his 


idvanta 


mark in 
The 


out 1n the il 


| nglish tice 


methods are set manner we have 


become used to expect tron rrett 
» method of evaluatin 


ittering of X 
ind \ver 


\ major contribution to t 
Diffuse Sx 


\\ irrel 


from the ideal 


‘asurements of the 


been made b 


h iS 


deviation 


refiections 
discussion 
lastic deformation 


mentioned 


expla ned 
its u \t that me lan peopl di 


confidence me hod nd theor. 
Howe Vel 


doubt the 


himself showed 


without method ha 
ipplication 
\nel 
who participated 

ind has con 


| he 


of the 


wide 
\let illurgical Use of 
Wert, 


the subjec 


promises 


n this field. author 


limitations method discout 


erated hopes for successful solution 


problems by its use. However, the method has 


been successful in obtaining information on the 


rates of diffusion, ordering and phase changes in 


substitutional alloys, and on the solid solubility 


of interstitial atoms. 
It is evident that 


Growth and Crystal 


Chalmers’ article, “‘Crvystal 


Boundary Techniques,” has 


recent 
larly 
parti inl 
| l 
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METALLI 


written by someone who has contributed a 


deal to our knowledge in this field and can 


about it with authority. One would wish 


spe ik 


the author had more space at his disposal, though 


one rea 1at a whole volume could well be 


written on the subject. 


Geisler describes recent improvements in the 


techniques of determining Crystal Orientations 


Pole 


minations 


and Figures which have made these deter- 


more quantitative; Bever summarizes 
[racers in Physical Metal- 


Washburn deal 


developed for studying the 


the use of Radioactive 


lurgy Research, and Parker and 


with techniques recently 
Deformation of Single Crystals, in particular the 
use of shear strain instead of tensile strain. These 


papers are interesting, though in no way exciting. 
They treat selected ex umples and it is obvious that 


many others could be added. 


RGICA, 


VOL. ¥, 


1953 


There are four most welcome papers dealing 


either with subjects about which little information 
has been published (Siegel on Radiation Damage 
as a Metallurgical Research Technique) or in which 
readily available (Irwin 


the publications are not 


on High Speed Strain Measurements) or in which 
papers are not usually written for the metallurgist 
from his point of view (Shull on Techniques and 
Applications of Neutron Diffraction and Williams 
on Ferromagnetic Domains). They provide a 
valuable source of information in fields which will 
become increasingly important to the metallurgist 
within the next few years. Even if the book con- 
tained only these four papers and that by Warren 
\verbach, 1 


and would be compulsory reading for 


all those engaged, on the experimental side, in 


furthering the science of metallurgy. 


W. Boas 


bec 
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